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A bstract
This thesis outlines two Recoil Distance Doppler-Shift (RDDS) experiments to de­
termine the mean-lifetimes of excited states in i°^Pd and 106,1 0 7 The first experiment 
was performed at the Wright Nuclear Structure Laboratory, Yale University (WNSL). 
This utilised the ESTU Tandem Van de Graaff accelerator, the New Yale Plunger De­
vice (NYPD) and a variety of HpGe detectors to measure the reaction 7  rays. Initially, 
a backed target experiment was undertaken to determine the level schemes of these 
nuclei. This fusion-evaporation experiment consisted of a 60 MeV beam impinging 
on a 0.5mg/cm^ ^®Mo target with a 9mg/cm^ ^^ '^ Au backing. Thereafter, a RDDS 
experiment consisting of the same beam impinging on a 1.05mg/cm^ ®®Mo target 
with a separate lOmg/cm^ i^’^ Au ‘stopper’ at ten separate target-stopper distances of 
ll/im , 14yiim, ISyum, 23jum, 28/zm, 41/im, 56^m, 127yum, 330yum and 2008/.im was per­
formed. Prom an offline sort of the data, a series of angle versus angle, two dimensional 
matrices containing correlated prompt 7-ray energies were created for each separate 
distances of the RDDS set. Analysis of these data yielded mean lifetimes of 11.4(17) ps, 
8.2(6) ps, 0.89(25) ns and 1.7(6) ps for the =  12'’', 11~, 9“ and 8~ states in ^^^Cd, 
at excitation energies of 5418 keV, 4324 keV, 3678 keV and 3507 keV respectively. In 
addition, mean lifetimes of 31.2(44) ps and 31.4(17) ps were obtained for the 
states in ^°^Pd (at Ex =  1360 keV) and ^°^Gd (at E% =  1262 keV), respectively. Finally, 
an upper limit of 4.3(6) ps has been deduced for the mean lifetime of the — y ~ 
at Ex =  2168 keV in ^°^Cd. From these measurements, an associated /?2 deformation 
of 0.135(12) and 0.136(20) have been determined for the =  12"^  and 11“ states in 
°^®Cd, respectively (assuming axial symmetry). The value for the =  12"^  state in 
^^^Cd compares well with predictions of Total Routhian Surface (TRS) calculations. 
The associated /?2 deformation of 0.12(1) for the 7^ =  y '  state in ^°^Pd also agrees
ii
reasonably with TRS calculations. A second RDDS experiment was performed at the 
Institut für Kernphysik, Universitat zu Koln. This utilised the Koln FN Tandem Van 
de Graaff accelerator, the Koln plunger and a selection of HpGe detectors to measure 
the reaction 7  rays. This experiment consisted of a 43 MeV beam, impinging on 
a selection of ^®Mo targets with a 6mg/cm^ ^^^Au stopper. In total, measurements of 
7  rays at twenty three different target-stopper distances were performed. From the 
subsequent analysis, a mean-lifetime of 17.0(9) ps for the state in °^®Cd was
determined. Assuming axial symmetry, the associated P2  deformation of this state 
is 0.13(1) is in agreement with the TRS prediction of 0.14. The value for the static 
quadrupole moment agrees with Projected Hartree-Fock-Bogoliubov (PEFB) calcula­
tions but deviates from the value reported by Raghavan.
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‘‘To he conscious that you are ignorant is a great step to knowledge. ”
Benjamin Disraeli 1804-1881
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Chapter 1
Introduction
1.1 The M acroscopic Perspective o f th e N ucleus
Prom a microscopic perspective, the nucleus is a many body quantum system 
which exists within a potential defined by the interactions between its constituent 
protons and neutrons. Thus, to determine the ground state Hamiltonian and the 
Hamiltonian of its excited states, one could compute this value by taking into account 
all the 2-body, 3-body interactions and any other effective interactions which occur. 
This method of determining the energetics of the nucleus is referred to as the “ab- 
initio” [1-3] method. Due to the number of computations which are involved, such a 
model becomes rapidly insoluble with increasing nucleon number. The limit for such 
a calculation is currently at A=13 [4]. With such calculations being insoluble, various 
assumptions have to be made to make such a computation tractable and this is the 
basis of utilising a model.
One of the initial models which heralded success, in explaining features of the 
Segre chart, was the spherical shell model inclusive of the spin-orbit interaction [5-7]. 
This spin-orbit interaction is analogous to the precursive concept of the spin-orbit 
interaction within electron orbits in atomic physics. The shell model assumes that 
protons and neutrons occupy separate, degenerate orbits and that the energy, spin and 
parity of the nucleus depends entirely on the occupations of these orbits. This model 
replicated the magic numbers, which were already observed experimentally from a 
systematic survey of known binding energies for a vast selection of nuclei and gave an
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insightful physical view of the nucleus. Various models have since developed from this, 
notably the axially deformed shell model of Nilsson [8], where the nucleus is assumed to 
be non-spherical and the energy levels of the orbits become non degenerate, however, 
the occupation of these orbits still determines the energy, spin and parity of the nucleus.
These microscopic models provide a deep physical understanding of the nucleus 
as it is based on the constituents which form the nucleus. Unfortunately, these mod­
els break down as they cannot replicate every structural phenomena observed exper­
imentally and can become insoluble when dealing with nuclei between spherical shell 
closures.
An alternate approach, developed at the same time as the deformed shell model, 
was the Geometric Collective Model of Bohr and Mottelson [9]. This approach, rather 
than taking account of all the individual nucleons, involves viewing the nucleus as an 
complete object which is either a spherical body, an axially deformed body, an axially 
asymmetric body or a “triaxial” body. This body may then be excited in terms of either 
vibrational surface oscillations, the body rotating about a fixed axis or a combination 
of the two. Though this macroscopic perspective does little in explaining the intrinsic 
structure of the nucleus, it does predict and explain collective sequences, or “bands” , 
of excited states.
1.1.1 V ibrational N u clei
The basis of vibrational excitations of a spherical nucleus is that the nucleus 
exists within a quantum harmonic oscillator and all equivalent excited states exist in
terms of quadrupole (E2) phonon excitations of the ground state, which is analogous
to the modes of oscillation on a string.
Thus from simple quantum mechanics, the energy levels of the nucleus can be 
described as [10]
En = nhiü (1.1)
E .y ( 7 -^ 7 - 2 )  =  (1.2)
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where n  is the principal quantum number, i.e. the number of vibrational quanta, 
phonons, in the excited state and hw is the energy of the phonon. As these are phonon 
excitations of /  =  2, the projections of these excitations can be coupled to produce 
excited energy levels in terms of the number of phonons within the nucleus.
As the energy of an excited state within the yrast band (for a perfectly symmetric 
vibrational nucleus) is proportional to the number of phonons which exist within the 
system. The ratio of the E(4+) to the E(2+), which will be referred to later on as R |, 
should be equal to 2.0 for an idealised (harmonic) vibrational nucleus.
1.1.2 R otation al N u clei
Due to its indistinguishable components, it is impossible for a spherical quantum 
mechanical body to rotate. However, from a macroscopic perspective, the nucleus can 
also be deformed as well as spherical. Thus it is possible for it to rotate on an axis, 
the only exclusion is rotation about any symmetry axis which may exist.
For an axially deformed nucleus, by treating it as a classically rotating body and 
treating the spin as a quantised value, the following formula is obtained [9].
E =  ^ m + 1 )  (1.3)
E , { I ^ I - 2 )  =  ^ ( 4 1 - 2) (1.4)
where 9= is the moment of inertia of the rotating body. Thus, assuming ^  changes 
slowly with spin (i.e. the adiabatic approxiamtion), the ratio of E(4+) to E(2+), for 
the ground state band of a deformed, rotating nucleus is 3.3.
1.2 System atics o f N uclei Near the Z = 50 Shell Clo­
sure
The existence of the Z=50 shell is highlighted is by plotting the E  (2+) of Z~50 
nuclei against neutron number, as displayed in Figure 1.1. This plot highlights the 
Z=50 shell closure by the consistent and relatively high E(2+) excitation energies of the
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tin nuclei, compared to its neighbours. The Grodzins relations [11] which empirically 
relates the reduced matrix element and transition rate (see Section 2.1.6) to the E(2f )  
is given by [12]
B(E2  : 2 t  ^  0+) =  (25 ±  (1.5)
where the B{E2) value is in units of e^fm^ and E (2]*') is in units of MeV. With the 
Bohr-Mottelson rotational model, see Section 2.2.1, the quadrupole deformation of a 
nucleus, (3, can be calculated using [13]
B { E 2 : J i ^ J l )  =  ^e^Ql (J iK2a\J jK)  (1.6)
Qo =  +  0.16/3) (1.7)VOTT
where Qq is the quadrupole moment of the nucleus, in units of fm^, K  is the total 
angular momentum projection on the axis of symmetry of the valence nucleons (K =  
0 for the ground-state band in even-even nuclei), Ji and Jf  are the spins, in units of h 
of the inital and final states, Rav is the average radius of the nucleus ( l .2A^/^ fm) and 
Z  is the atomic number of the nucleus.
Away from the Z=50 shell closure, a noticeable reduction in the excitation energy of 
the =  2 f  state is observed, with minima in the excitation energy occuring halfway 
between the N=50 and N—82 shell closures, i.e. at the N=66 ‘midshell’. For cadmium 
and tellurium isotopes, the =  2f  excitation still suggests low lying vibrational 
excitation, whereas the lower energy of the =  2f  state in the xenon isotopes implies 
more of a rotational based excitation. For example, in the N~58 isotones, the predicted 
B(E2) values from the Grodzins relation is 15 to 20 W.u. which suggests that 
this excitation is collective in nature (see Section 2.1.6). The quadrupole deformation 
derived from the above B{E2) values and the Bohr-Mottleson axially symmetric rotor 
model predicts values of /3 ^  0.17 for ®^®Cd and (3 0.18 for ^°^Ru and
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1.3 The E volution o f Low Lying M odes o f E xcita­
tion  in A ~ 100  N uclei
As a systematic approach to determine the evolution of the low lying modes of 
excitation in even-even nuclei, plots of the E(2‘^ ) and R | values versus neutron number, 
N, can be plotted for a series of isotopes approaching the Z=50 shell closure. Figure
1.2 shows such a plot for strontium to cadmium isotopes, with A~90-100.
There are two very noticeable systematic effects which Figure 1.2 highlights. Firstly, 
the variation within both E(2+) and R | is much more drastic for nuclei near the Z=40 
sub-shell closure than it is for the nuclei near the Z=50 magic number. Secondly, the 
variation is at its greatest within the N=60 isotones.
The first effect is due to nuclei near the Z=40 sub-shell closure evolving from 
having single particle configurations for its low lying excited states, to collective rota-
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23,35-37]
tional excitations. This deduction is based purely on the variation in the E(2+) values.
In comparison, the nuclei near the Z=50 shell closure are spherically ‘stiffer’ due to
the nature of the 2-hole pg orbital and thus the nuclei tend to have vibrational low
lying states. These rotational based excitations arise from the hu_ orbital for N>60
2
isotones [38].
1.4 Structural E volution and the E-GOS Param e­
terisation
While structure based on the z/hn orbital account for low lying rotational excited 
states in this region, other possible excited configurations associated with rotational 
behaviour also occur in this region. These involve a pair of de-coupled hu neutrons (or 
other quasi-particle configurations) which can yield a weakly deformed yrast structures, 
such as the 10"'' states in io6-iioq^  [39-44]. Hence, structural evolution from vibrational
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to rotational excitations as a function of spin can be observed [45].
A prescription to determine this evolution in structure has been developed [45,46], 
based on the macroscopic properties of the nucleus. The technique developed was to 
create a plot which contained a unique, separate signature for a vibrator and for an 
axially symmetric rotor. The signature which was chosen to highlight this evolution 
was a plot of the yrast sequence transition 7-ray energy, divided by the spin of the 
state, / ,  versus the spin of the state. The formulae for over I  , or ‘E-GOS’, for a 
perfectly axially symmetric rotor and a perfect, idealised harmonic vibrator are given 
by [45].
Vibrator : (1.8)
Rotor : ^7  U ^  ^ -  2) ^  ^  ^  _  constant (1.9)
For high spin states, i.e. I  —> oo, individual asymptotic E-GOS curves are apparent 
for both rotational and vibrational excitation (see Figure 1.3). The uniqueness of 
the curves means that an evolution between low lying vibrational and higher lying 
rotational excitations can be observed. Figure 1.4 shows the E-GOS plots for the yrast 
sequences in even-even nuclei in the A'^lOO region.
1.5 D evelopm ent of th e E-GOS Param eterisation
One of the drawbacks which the E-GOS parameterisation suffers from is that the 
excited states within a nucleus can undergo configuration mixing, thus altering the 
energy of the excited state and possibly altering the parameterisation. The effect of 
mixing depends entirely on how close in energy the states are and within the A~100 
region, mixing due to shape co-existence, has a pronounced effect [47]. As mixing 
effects the excited states within the nucleus, quantities such as the 7-ray energy or the 
transition rates can be modified (see Section 2.1.6).
In order to develop the clear underlying E-GOS parameterisation, an attempt to 
find an alternate signature to show evolution from vibrational excitation to rotational 
excitation is proposed. One alternate signature is the concept of using reduced transi-
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Figure 1.3: E-GOS plot for a perfect vibrator and for a perfect rotor, assuming 
that E  (2+) is 600 keV for a vibrator and 100 keV for an axially deformed rotor. 
Adapted from [45]
tion matrix elements. In this exact case B{E2) values are used. These can be obtained 
from measuring the electromagnetic decay lifetime of an excited nuclear state.
This thesis will outline measurements performed to determine the mean-lifetimes 
(and B{E2) values) for transitions in ^°^Pd and Chapter 2 will provide
the theoretical background required for determining various model dependant B {E 2 ) 
values. Chapter 3 covers the experimental techniques required for determining mean- 
lifetimes, such as introducing the Recoil Distance Method (Section 3.4) and the Differ­
ential Decay Curve Method (Section 3.4). Also, details of two experiments undertaken 
at the Wright Nuclear Structure Laboratory, Yale University, and at the Institut fur 
Kernphysik, Universitat zu Koln, are given in Sections 3.6 and 3.7 respectively. Chap­
ter 4 presents the mean-lifetimes obtained from these two experiments and the inferred 
B{E2) values for transitions in ^°^Pd and Chapter 5 compares theoretically
deduced P2  deformations from Total Routhian Surface calculations and theoretically 
deduced B{E2) values and spectroscopic quadrupole moments from Projected Hartree- 
Fock-Bogoliubov to the experimentally deduced/ inferred values. Finally, a short sum­
mary of this thesis and intended future work is presented in Chapter 6.
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Chapter 2
Theory
2.1 M icroscopic N uclear M odels, Observables and  
Effects
2.1.1 N uclear Sizes and Shapes
In the words of Ernest Rutherford [48]: “It will be seen that this theory makes the 
radius of the uranium nucleus very small, about 7 x 10“ ^^  cm, .... It sounds incredible 
but may not be impossible” .
Although the nucleus consists of a number of nucleons, the overall nuclear shape 
can be parameterised in terms of a spherical harmonic (multipole) expansion. The 
magnitude of the radial vector from the origin to the surface is given by [49],
Amox A
R  (Q; à) — C (à) 1 + X]A—1 /i=—A (2.1)
where =  (0, (j)) and (à) denotes the set of deformation parameters As the radius
of the nucleus is real, it implies that
(2 .2)
10
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Figure 2.1: Nuclear shapes with A = 0,1,2,3, taken from [50]
If one assumes shape invariance, then
Of A/i =  CKA-/i &nd CKA/i =  0 for odd A and/or odd jjL (2.3)
For the shapes axially symmetric with respect to the z-axis all deformation parameters 
with jj, 0 disappear. The remaining deformation parameters ojao are usually called 
Px- Therefore
/?A ^  CKAo (2.4)
Nuclear shapes with monopole (A=0), dipole (A =  1), quadrupole (A=2) and octupole 
(A=3) deformations are shown in Figure 2.1 The quadrupole deformation (A =  2) 
which tend to manifest in low-lying excited states, has five deformation parameters, 
û^ 22î • • • <^2- 2- Out of these five, two parameters relate wholly to the deformation of
the nucleus, ago and 0 2^2. These are given (in Equations 2.5 and 2.6) in terms of the
quadrupole, P2  deformation and the triaxial, 7  deformation [49,51].
CK20 =  /?2C0S7  (2.5)
ü!22 =  ^ / ? 2sin7 (2.6)
It should be noted that in this parameterisation, /? > 0 ,7  — 0° refers to an axially- 
symmetric prolate nucleus (deformation in the x-axis), /3 < 0,7  == 0° refers to an 
axially-symmetric oblate nucleus (in the x-axis). For 7  — 30°, the nucleus is said to be 
triaxial.
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2.1.2 Spherical Shell M od el (Independent P article  M otion)
Since the discovery of the neutron by Chadwick [52] in 1932, nuclear physicists 
attempted to explain the structure of the nucleus, in terms of a shell model, analogous 
to the atomic shell model [53]. One of the key signatures, for such a model to be 
successful, is that it must reproduce the full set of “magic numbers” , defined as N,Z =  
2 ,8 ,2 0 ,28 ,50 ,82 ,126 .
These magic numbers are associated with proton and neutron configurations 
which relate to a spherical shell closure. In terms of the observables, these closures are 
seen as a local peak in the binding energy per nucleon. These separation energies are 
shown in Figure 2.2.
Initial attempts to describe nuclei using infinite square well and infinite harmonic 
oscillator potentials, were unsuccessful (see review in Ref. [53]) as these models did not 
reproduce the full set of “magic numbers” . These potentials [53] are shown in Figure 
2.3 and equations 2.7 and 2.8.
U{r) = —(7(0) for r < R
U{r) = oo for r > R (2.7)
U{r) = -C/(0) +  (2.8)
An appropriate Hamiltonian for such a system is given by
H = [ - ^ A  + U(r)] (2.9)
where
1“ »)dr^ r dr hr
M. Goeppert-Meyer [5,7], along with O. Haxell, H. A. D. Jensen and M. E. Suess 
[6] introduced a ‘phenomenological’ spin-orbit interaction, which had the affect of split­
ting each angular mometum orbital, Z, into non-degenerate levels of spin, j  = ( ±
2.1 Microscopic Nuclear Models, Observables and Effects? 13
3 —
54Ni
- 2
- 3
- 4
- 5
126)
s
Cd- 2
- 3
- 4
- 5
15050 1000
Nucleon number
Figure 2.2; Above: Two-proton separation energies for a series of isotones. For 
continuity, the lowest Z member is noted. Below: Two-neutron separation energies 
for a series of isotopes. Adapted from [54] with the data coming from [55].
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F ig u re  2.3; Left: Infinite harmonic oscillator potential. Right: Infinite square well 
potential
with the j  = l-\- \  being lower in energy, [56,57]. Such an interaction reproduced all 
of the magic numbers and a level scheme diagram for such an interaction is shown in 
Figure 2.4.
2.1.3 D eform ed Shell M odel
The deformed shell model, conceived by S. G. Nilsson [8] is a more universal model 
which can, in principle, be applied to all nuclei. The spherical shell model describes the 
nucleus as a series of nucleon-nucleon pairs orbiting, in circular fashion, around a self 
generated potential. It should be noted that each orbital can be labelled in terms of 
the angular momentum projected on the azimuthal axis. Considering that the nucleus 
is a system consisting of fermions, by definition it is impossible for a uniquely defined 
azimuthal axis to be allocated for a spherically symmetric, odd-A system. Therefore, 
all possible orbitals are degenerate in energy this means that considering that a nucleon 
is attracted to the nucleus by the ‘strong’ force, irrespective of where the nucleon is 
placed, it will feel the same attractive force from the nucleus. However, such a picture 
changes if the core is deformed, rather than spherical.
For an axially deformed, prolate core. An azimuthal axis, perpendicular to the 
axis of deformation, often referred to as the axis of rotation (see Section 2.2.1), can 
be defined. Thus, nucleons orbiting equitorially around the core will be more tightly
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bound than a nucleon orbiting azimuthally around the core and vice versa, for an 
axially deformed, oblate core. Such an effect breaks the total angular momentum, j ,  
degeneracy associated with the spherical shell model and thus each orbital projection 
has a non-degenerate energy which depends on the deformation of the core.
The Hamiltonian required for a deformed nucleus, shown in Equation 2.11 is very 
similar to the spherical shell model Hamiltonian, i.e. it contains a harmonic oscillator 
term, a centripetal term (1.1) and spin-orbit term (l.s)
^  +  2/^) +  +  Cl.s -f D U  (2.11)
Figure 2.6, commonly referred to as the “Nilsson diagram” [8], shows the degener­
acy splitting for all levels, as a function of deformation. Each orbital has the following 
nomenclature:
where is the projection of the spin onto the symmetry along with its parity. N  is 
the principal quantum number of the major shell, is the number of nodes of the 
wavefunction in the %-direction and A is the component of the angular momentum 
along the symmetry axis, such that Q =  A ±
It should be noted that the total projection of spin of all the nucleons onto the 
symmetry axis, K  can be written as
(2.12)
2.1 .4  T w o-S tate  and M u lti-S ta te  M ixing
Most idealised quantum mechanical systems can be explained simply using the 
Schrodinger equation:
=  (2T3)
However, most realistic systems, are composed of a main Hamiltonian, ifo, which
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explains the outlining physics and a small, perturbing, Hamiltonian, Hi, which acts as 
a correction. Such a system can be explained by the following expression:
H'ljj = Hq^  +  Hi'ip = E^ i/j (2.14)
A solution for such a problem would consist of diagonalising the following matrix
Ell ^12 * • ' Vln
V2 1  E 2 2  * " • V2 n
'  '  '  E^n
with the resultant, mixed, wavefunction being
'^ k  =
(2.15)
(2.16)
where a f  is the expansion co-efficient for the state of the diagonalisation. 
However, such a diagonalisation is cumbersome and an approximation using a 
2x2 matrix, shown below, acts as a suitable truncation.
Ell y
V  E 2 2
(2.17)
Solving the Schrodinger equation for this perturbed Hamiltonian and consider­
ing that the interaction between the two states, V, is negative (repulsive), yields the 
following perturbed energies [59].
Ej ~  -  {El -h E 2 ) — - \ / {E2  — E iY  4y^
Eli ~  2 (^1 4" -^2) +  —V (^2 ~  El) 4- 4y^
(2.18)
(2.19)
Defining the energy differences between the two unmixed (i.e. pure) states, E2
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Figure 2.7: Two-state mixing with an interaction potential, V. Taken from [60]
El, as Ediff and defining the average of the two unmixed states as Eav, one can rewrite 
equations 2.18 and 2.19 as
2
Ejl — Eav +  % +  4^2
(2 .20)
(2 .21)
The resultant (mixed) wavefunctions, and become an admixture of the 
initial wavefunctions and 'ip2 -
=  a'lpi -b /?'02 
-  a'ip2
(2 .22)
(2.23)
where a  and (5 are admixture coefficients, with values which must obey the unitary 
normalisation condition:
(2.24)
This is demonstrated diagrammatically in Figure 2.8
The mixing of many states can be broken down into iterations of two state mixing. 
For N  initially degenerate states, the resultant of mixing yields the lowest state being
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F igure 2.8: The evolution in energy of two admixed wavefunctions, as /? increases 
from 0 to 1. Taken from [60]
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Figure 2.9: The mixing of N  states, taken from [60]
lowered by a factor of —{N — 1)V and the rest of the states being pushed up by V, as 
shown in Figure 2.9.
The resultant wavefunction for the lowered s t a t e , b e c o m e s
{'01 +  "02 +  • ’ * +  0 Jv} ( 2 . 2 5 )
Although mixing, has an effect of the level energies and matrix elements (see 
Section 2.1.6), one of the main instances which mixing has a pronounced effect is 
within the Nilsson model.
Considering that mixing occurs only between states of the same K'^ and that, 
from equations 2.20 and 2.21, for two states of identical energy i.e. Edig — 0, the 
energy levels will be perturbed by ±V .
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2.1.5 F ed erm an -P ittel M echanism
The Federman-Pittel mechanism [38] provides an insight into the nature of the 
onset of nuclear quadrupole deformation, from a microscopic perspective. Deformation 
is usually associated in terms of a macroscopic basis and due to the number of shell 
model configurations permitted for heavy deformed nuclei, a standard microscopic 
picture becomes intractable in terms of explaining the collective effects.
It was originally noted by de-Shalit and Goldhaber [61] from the deduction of 
anomalous f t  values from (3 decay that there is an increased overlap of configuration 
space for nuclei with and more importantly ly As well, Jtt =
configurations are energetically ‘stabilizing’ configurations, whereas , jy —
configurations are energetically ‘destabilizing’ (i.e. spin-orbit partner orbitals).
It was noted in [62] that the T =  0 n — p isovector interaction needs to dominate 
over the T =  1 isoscalar (pp, nn) pairing interaction for deformation to occur. Such a 
conclusion was deduced from studies of the zirconium and molybdenum nuclei [38,63] 
based on having an ®^ Sr core and filling the 7rp | proton and ugi neutron orbitals simul­
taneously and that the T  =  0 isovector interaction increases for the more neutron-rich 
isotones. A schematic description of the core and near lying spherical shells are shown 
in Figure 2.10 [38]. From experimentally deduced, low lying level schemes of 90-io2g^ 
and ®^“ °^®Mo, there is a distinct transition from low lying vibrational excited states 
to low lying rotational states around N=58-60, for zirconium to molybdenum. This is 
demonstrated in Figures 2.11 and 2.12 with the T =  0 n — p isovector ‘deformation 
driving’ interaction becoming dominant at N=60.
2.1.6 M atrix  E lem ents, R ed uced  M atrix  E lem en ts and Tran­
sition  R ates
In a quantum mechanical system, a spherical tensor, can form a series of 
operators which transfer angular momentum A, of projection ji from one state to an­
other [64]. For example, a tensor operator acting on a state with angular momentum.
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Ih 11/2
■7/23^/2
1/25^/2
F ig u re  2.10: Schematic diagram of the single particle levels, associated with having 
a ®*Sr core, taken from [38].
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in zirconium (Z =
104
isotopes, taken from [38]. Note the drop in E  (2+) at N =  60 (^°®Zr) associated with 
an increase in the core deformation associated with the Federm ann-Pittel mechanism.
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F ig u re  2.12; Schematic of the  low lying excited states in molybdenum (Z =  42) 
isotopes, taken from [38]
I\ and other quantum numbers, a , would be [64]
= N^(JiMiA/z|/2M2)7A |^a,/i, Ml)
=  V |7 ,/2 ,M 2)
(2.26)
Multiplying both sides by an arbitrary state, which has angular momentum quantum 
numbers, fg, Mg [64]
{/3/2'M2/|TA, |^a;,7i) =  ^(7iMiAfr|7gMg)(%/M2/|T\^|a, /i. Mi) (2.27)
(j,Mi
=  M{/3hlM2>\'t,l2,M2} (2.28)
Further manipulation of the above equation [65] yields the Wigner-Eckart theorem:
(/2M2|TA^|a/iMi> = V(/iMiA^t|/2M2) (2.29)
where the constant, V , can be written in terms of the reduced matrix element 
(/S/zMallTÀ^IIafiMi) as follows:
(2.30)
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Multipolarity Transition Rate
T (E 1) 1.587 X  lO^^E^g(El)
T(M1) 1.779 X  lO '^E^g(M l)
T(E2) 1.223 X  10“B^B(£2)
T(M2) 1.371 X  10’’£;^B(M2)
T(E3) 5.698 X  W^ElB{E3)
T(M3) 6.387E;s (M3)
Table 2.1: Transition rates, in s“ ,^ for various multipolarities, where is mea­
sured in units of MeV, B{EX) are measured in fm?^ and B{M\)  are measured in 
{2MceKf‘ [66].
N.B. The formalism of the above equation is that A is coupled to Ii yielding angular 
momentum and projection, I 2  and M2
Within nuclear physics, for a transition between states I\ —> I 2  can be written in 
terms of a reduced transition probability [64] such that
IJ.M2
= (2/2 +  i r ‘K/2||TA||/l>|"
(2.31)
(2.32)
with the inverse transition, I 2  h  taking the form
: /2 -  h )  = ^ B ( T A  : A h ) (2.33)
However as 7 rays are electromagnetic transitions, the transition probability, (in 
units of s~^) for a light quantum of is [66]:
TaL = P{aL) _  2 ( £ +  1) B{aL) (2.34)huj eQL[{2L + \ h c  J
where B(aL)  is the reduced matrix element of the transition, with aL  denoting the type 
of transition, or ‘multipolarity’, i.e. electric or magnetic and the amount of angular 
momentum removed. For various multipolarities, the transition probabilities are shown 
in Table 2.1 where the transition probability per second, T(crL), is the inverse of the 
decay mean lifetime, r.
As an initial estimate, one can make an assumption for the reduced matrix el-
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Multipolarity Transition Rate (s
T(E1) 1.0 X
T(M 1) 5.6 X  10“
T(E2) 7.3 X  W A i  Ei,
T(M2) 3.5 X  lO’^sE®
T{E3) 342l^E;
T(M3) l&AiEl
T(E4) 1.1 X  IQ-^AiES,
T(M4) 4.5 X  lO-^A^E®
Table 2.2; Weisskopf Single Particle estimates for various multipolarities, where 
is measured in MeV and A  is the mass number measured in atomic mass units, 
AMU. Table adapted from [54]
ement based on a single particle transition within a nucleus, colloquially known as 
Weisskopf single particle estimates [66].
Thus the reduced matrix elements for electric and magnetic transitions are:
Bsp{EL) = 47T V L +  3 (2.35)
(2.36)
Hence, the Weisskopf single particle estimates for crL transitions are shown in Table
2.2
Good comparison between the experimentally deduced B{aL) to the Weisskopf 
single particle estimates hints that the de-excitation within in the nucleus comes from 
a shell model based transition, as opposed to enhanced values for the B{aL) which 
suggests collective excitations.
2.2 M acroscopic N uclear M odels, Observables and  
Effects
Although the microscopic basis of the nucleus is successful in reproducing spher­
ical magic numbers and determination of the ground state spin and parities of near 
closed shell nuclei, the basic idea of the microscopic model tends to fail when it comes
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to a series of excited states, or ‘bands’, in even-N, even-Z nuclei, i.e. excited states 
which appear below the pairing energy of 1.0 to 2.0 MeV. The existence of these states 
has prompted an alternate viewpoint and alternate series of models, which attempt to 
explain these states in terms of collective motion.
Bohr and Mottelson [13] took the stance of viewing the nucleus as a 3-dimensional 
body^ which can undergo rotation^^.
2.2.1 B oh r-M ottelson  M odel: R otation a l N u clei
For an axially symmetric solid body, the rotational Hamiltonian can be stated as 
follows:
Æ + Æ  ,29^ 1 2%  2%
where Ix and are the spin and the moment of an inertia of around the axis, 
a;, etc. For a deformed axially symmetric nucleus, =  0=2 and E  ~  0. Thus, the
Hamiltonian becomes:
As = I f +  I 2  + I 3 and |7, M) =  7(7 +  1) |7, M). The expectation of the 
Hamiltonian becomes:
= (S) = T
Thus, in the extreme adiabatic approximation, i.e. O is constant with spin, for 
a deformed nucleus, the level energies of the yrast band would follow the relation 
7; oc 7(7 +  1)
Low-lying states within a deformed ground state band tend to conform well with
^The body can be viewed either as a complete solid or as a hollow shell containing a fermionic 
liquid.
^Only if the body is non spherical
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the 7(7+1) law [67]. However, for states of higher spins, this phenomenological relation 
often breaks down. Indeed, one has to refer to more refined macroscopic treatments 
(further examples of which can be found in [68]) or address the microscopic aspects 
of rotation (see Section 2.2.2). As stated earlier, a rotational band can be built upon 
any deformed basis. For a quadrupole vibrator, a rotation can be built on the 7^ =  2+ 
state of the two phonon excitation (i.e. usually 7^ =  2g ). This second 7^ =  2+ state 
is understood to be related to deformation in the 7  degree of freedom, and deformed 
excitation built on this state are referred to as the 7  band.
An axially symmetric quadrupole deformation can be characterised by the tran­
sition quadrupole moment [13]
eQt = {K\ J pe{r')r'^{3cos‘^'â — l)dr'\K)  (2.41)
/167t\=  f — j  (7T|M(7;2,i/ =  0)|%> (2.42)
The matrix element ~  0) and reduced matrix elements B{E2) are deduced
as follows [13]:
/  tc \{K h\\M {E2)\\K h) = {2h + lY l ^ h K 2 ( i \h K ) [  —  \ eQt (2.43)
B {E 2  : K h  ^  K h )  =  r ^ e ^ Q l { h K 2 0 \ h K Y  (2.44)
where the transition quadrupole moment, Qt is defined as [13]
Qt % -4= ZB?P {\  +  0.16/3) (2.45)V57T
2.2.2 T he Cranked Shell M od el and T otal R outh ian  Surface  
(T R S) C alcu lations
The addition of a “cranking” term to rotational Hamiltonians (or subtraction to 
form rotational Routhians) can lead towards a fully microscopic description of rotations 
in nuclei and the dynamics of this rotation. Outlined below, is the “Semiclassical 
Cranking Model” of Inglis [69], the “Cranked Shell Model” [70] and “Total Routhian
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Surface” [71] calculations, with a short summary regarding the differences between 
these approaches.
Semiclassical Cranking M odel
‘‘The basic idea of the cranking model is the following assumption: If one in­
troduces a coordinate system  which rotates with constant angular velocity co around a 
fixed axis in space, the motion of the nucleons in the rotating frame is rather simple 
if  the angular frequency is properly chosen; in particular, the nucleons can be thought 
as independent particles moving in an average potential well which is rotating with the 
coordinate fram es” [12]
The many-body Hamiltonian of the cranking model is given by [69]
= (2.46)
i=l
-4 =  (2.47)
Upon diagonalizing 77^ ,, the energy in the laboratory frame is reduced to
E(w) =  (0^1 ^  |0^> =  (0^1 %  |0^> +  w (0^1 j;, |0^) (2.48)
E{iS) =  E(0) +  — H" . . .  (2.49)
For a; =  0, (0o| Jx |^o) — 0
J { lv) = (0^;| J æ  |0w) (2.50)
=  ^ 2^  +  • • • (2.51)
From Equation 2.50, the following expressions can be deduced
~  %  (2.52)CO aco dco
.  =  g  (2.53)
A semiclassical approximation of the zero-point oscillations can also be inferred from
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these equations and is given such that
J  =  ($w| Jx I$w> (2.54)
W =  (2.55)
3 = 1ÜJ (2.56)
The Cranked Shell M odel
Although the semi-classical cranking model begins to incorporate the concept of 
the nucleus having a dynamic moment of inertia. The quasiparticle cranlted Hamilto­
nian, hgp [70] (which is the basis of the Cranked Shell Model) extends this concept by 
convolving the single particle Nilsson wavefunctions, with a cranking term fiwjs, 
as follows
hçp =  hsp — hwjx — A (P*^  P) — XN  (2.57)
where and P are the quasiparticle pair creation and pair annihilation operators 
and N is the particle number operator, which is included to preserve the number of 
nucleons present in the calculation.
Solutions of hqp are approximate (from the breaking of time-reversal symmetry 
in the hcojx term) and are such that the calculations are performed to a reference 
configuration. This configuration is nominally the bandhead of an even-even yrast 
band. From this type of calculation, only two symmetries remain good for reflection- 
symmetric nuclei. These are parity, tt which describes the symmetry under reflection 
and signature, a, which describes the invariance with respect to rotation about 180° 
about the rotation axis. The eigenvalues for the rotational operator, Ikg, are 
which infers the angular momentum selection rule A I  ~  amod2. A one quasiparticle 
excitation (1-qp) excitation will have a  =  ± |  and a two quasiparticle (2-qp) excitation 
will have œtot =  0, ± 1.
The eigenvalues of the quasiparticle hamiltonian, summed over all occupied 
states, u, is the total energy of the cranking system in the laboratory frame
(zP| j,, (2.58)
t 't 2.2 Macroscopic Nuclear Models, Observables and Effects 31
and the projection of the total angular momentum projected onto the rotation axis is 
given by
Ix — (2.59)
Plotting the single particle energy versus the rotational frequency yields a Routhian 
diagram. The aligned single-particle angular momentum, is the differential of the 
theoretical Routhians (e^) with respect to w.
Experimentally deduced Routhians, which are expressed by
^txpt =  2 +  1) +  — 1)] — u}{I)Ix{I) (2.60)
where is the aligned angular momentum given by
11/2
L (2 .61)
and K  is the projection of the angular momentum on to the symmetry axis. The 
experimental Routhian, and alignment are thus defined by
- % / ( / )  (2.62)
C ( w )  =  4(w) +  ,--f(w) (2.63)
The energy reference of the core can be calculated using a variable moment of inertia 
fit [68] to the low-lying transitions as a function of
3% (w ) =  3o +  w^3i (2.64)
where %  and are known as the Harris parameters [72]. The aligned angular mo­
mentum reference and reference energy are given by
1 7 ^(oj) = ^  (3o +  w% i)w (2.65)
1 „ 1 . B.2
(2 .66)Er-^(w) = 2 4 83o
These references can be directly compared with the theoretical Routhians and align-
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ment s.
Nilsson-Strutinsky Shell Corrections
Although the cranked shell model can successfully applied to describe the rota­
tional motion of a nucleus, a series of corrections have to be applied for small deviations 
in the bulk nuclear properties, which the CSM cannot predict. These corrections are 
referred to as Nilsson-Strutinsky corrections [73,74] which assumes that the total en­
ergy of a nucleus is from the sum of the energy predicted by the liquid-drop model 
(which is smooth and continuous) and the energy predicted by the shell model (which 
is a discrete fluctuation). This can be written as
Etot = Eidjm +  ^Eshell (2.67)
Overall, this methodology is incorporated into the total Routhian (which also includes 
a pairing term) and is given as follows
N, p) =  E ^ , { Z ,  N, P) +  N, p) +  A^,,„^{Z, N, p) (2.68)
where $  represents all deformation parameters. The shell correction is performed in 
the Nilsson basis, when co = 0  and the pairing term is deduced, self-consistently, from 
the BCS equations. Therefore, the microscopic-macroscopic for of the total Routhian 
be constructed as
F P (Z ,/V ,)§ )  =  P ^ = ° ( Z ,A ' , ) g ) - h [ ( iP |j P ' | iP )  (2 .69)
~  ~~ ^Strut{E, Z, P)
where corresonds to the sum of the liquid-drop energy, the single-particle shell 
correction energy and the pairing energy at zero frequency. The total Routhian is 
calculated in /3 =  /32, P^and'y deformation space. A contour plot (for example, see 
Figure 5.1) in the /?2-7 plane highlights areas of shape stability and is referred to as a 
Total Routhian Surface (TRS).
2.2 Macroscopic Nuclear Models, Observables and Effects______________________^
2.2 .3  B oh r-M ottelson  M odel: V ibrational N u clei
Section 2.2.1 introduces the concept that the nucleus can possess permanent 
deformation. However, another model which is closely associated with this picture is 
the vibrational model, where the nucleus possesses temporary deformation. It should 
be noted that the excitation, due to this temporary deformation, can be built upon 
a spherical basis, i.e. vibrations in the j3 degree of freedom, or can be built upon a 
deformed basis, i.e. vibrations in the 7  degree of freedom. As the vibrational excitations 
are electric in nature, a pictorial view of such surface oscillations can be viewed in Figure 
2.1.
This introduction into the vibrational model presented here will be restricted to 
quadrupole, i.e. A =  2, vibrations only. It should be noted that vibrational nuclei 
are not just limited to nuclei exhibiting quadrupole surface vibrations, as any mode of 
oscillation with A > 2 can exist. Octupole vibrations are generally observed in heavier 
nuclei [75]. In principle, octupole vibrations can also be coupled to n =  1 quadrupole 
vibrations, i.e. 3“ ® 2+ and have been reported in ^^^Cd [76].
For A =  2 vibrations, one can write the Hamiltonian [60] in terms of quadrupole 
creation operator and annihilation operator, b:
H  = Eq + 1iw ^  (2.70)
+ Cl I  [bjp X ' * • [bjf. x |
These operators, create and annihilate bosons within quadrupole space, i.e.
\nb) = y/m + l \ n t , 1) (2.71)
b |n5) =  07^1^6 -  1) (2.72)
b|Mb =  0) =  0 (2.73)
Hence, taking the operator product, b^b determines the number of bosons within
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a system, as shown below.
b^b|nj,> =  y ^ b ^ |n { ,- l )  (2.74)
=  y/mVi'^b  -  1) +  l \r ib)  (2.75)
— Tib\nb) (2.76)
Prom the nuclear perspective of bosonic excitations, one can view the ground 
state as having rib = 0, with =  1, 2, 3 , . . .  denoting the first, second, third, etc. set 
(multiplet) of excited states. These excited states, of energy are thus
Ex =  Ubhjo (2.77)
where Hlj denotes the phonon energy.
Considering that angular momentum is a good quantum number and that an 
excited state consists of angular momentum projections from — M  to M, where M  is 
the sum of the all the phonon projections defined as
M =  ^ m j  (2.78)
i
where is the projection of the phonon. Obeying the laws of Bose-Einstein 
statistics, one can determine the projection of the coupled phonons by utilising the 
m-scheme [60]. For example, the m-scheme for coupling quadrupole bosons is shown 
in Table 2.3. Hence, the allowed for the first 3 phonon excitations [60] are shown in 
Figure 2.13
Thus, the spin of an yrast state, J , in a spherical quadrupole vibrator is related 
to the number of bosons, n^, by the following relation:
J  =  271b (2.79)
In terms of energetics for a harmonic oscillator, one would expect these energy 
levels to be degenerate multiplets of various spins and parities, as shown in Figure 
2.13. However, due to anharmonicities within the oscillator potential [77], the rib >
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Jl J2 J s M
mi m2 7713 J
2 2 2 6 6
2 2 1 5 6
2 2 0 4 6
2 2 - 1 3 6
2 2 - 2 2 6
2 1 1 4 4
2 1 0 3 4
2 1 - 1 2 4
2 1 - 2 1 4
2 0 0 2 2
2 0 - 1 1 2
2 0 - 2 0 2
2 - 1 0 4
1 1 1 3 3
1 1 0 2 3
1 1 - 1 1 3
1 1 - 2 0 3
1 0 0 1 6
1 0 - 1 0 6
0 0 0 0 0
Table 2.3: The m-scheme for coupling of three bosons, adapted from [60].
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Figure 2.13: The first three quadrupole phonon states for a perfect harmonic 
vibrational nucleus, adapted from [13].
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Figure 2.14: Systematic survey of the low lying excited states of *^^ C^d to ^^^Cd. 
Adapted from [78]
2 multiplets split into distinct energy levels. A systematic survey from the cadmium 
nuclei [78] highlights both the effects of intruder levels and the variation iii the two 
phonon excited state (see Figure 2.14). This systematic survey also shows that the level 
splitting varies between the different isotopes and that the splitting does not follow any 
set pattern, which means that a microscopic approach has to be taken to understand 
the shift in energies.
The B{E2) values for the yrast sequence of a spherical vibrator, are related to 
the following formula [13]:
B{E2\ 772 =  0 ^  ri2 =  1)
2
>2 \ a2
47T (2.80)
where P2  is the deformation within the quadrupole degree of freedom and is given
by,
p2 — (2A +  1)
=  (2A +  1) 
=  (2A +  1)
h
h
(2.81)
(2.82)
(2.83)
where Cx is the restoring force, Dx is the mass parameter and cox is the frequency 
of oscillation [13]. The B{E2) value for a de-excitation relates to the B{E2) for an
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excitation using the following equation [13]:
B { E2  :Ji  =  2 , J f  =  0) = : J; =  0, J /  =  2) (2.84)+  ij
For a vibrational yrast sequence, the B{E2) values are proportional to the number 
of boson excitations, rib, within the nucleus, therefore:
B{E 2  : Ji =  2rib + 2, J /  =  2rib +  0) oc rib (2.85)
B (E 2  : Ji =  2rib +  2, Jy =  2rib + 0) =  rib.B{E2 : Ji =  2, Jf = 0) (2.86)
2.2 .4  Interacting B oson  M od el 1 [IBM-1]
The Interacting Boson Model acts as an algebraic treatment of nuclear properties. 
This treatment views the nucleus in terms of the symmetry arguments within the 
collective model combined with a truncated form of the shell model.
The basis of this truncation is that pairs of protons/neutrons, can be coupled to 
form a boson [79]. A further assumption within the IBM-1 [80] is to assume that these 
pairs of bosons can couple to either J  =  0 (s bosons) or J  =  2 (d bosons). These
bosons have, in turn, six projections of angular momentum, A, one projection of A =  0
for 5 bosons and five projections ranging from A =  -1-2 to A =  —2 for d bosons.
In terms of boson operators, the total number of bosons within a nucleus, N  can 
be described by [60]
N  = risl- rid, Mg =  s^s rid = d^d (2.87)
N  =  ( 2 . 8 8 )
where rig and rid are the number of s and d bosons, respectively. The general 
form of the IBA-1 Hamiltonian [81] can be written as:
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H  = . d +  1 (2.89)
L = 0 ,2 ,4
‘ ds +  H.c] +  +  H.c.)' - J  gyg '
-h^d^s'*‘ • ds +\/5  2
Reverting back to the nature of the a and d bosons. The six projections of angular 
momentum, i.e. jjis = 1 and pd = 5, form the t/(6) Lie group. However, in terms of 
the macroscopic form of the nucleus, i.e. a nuclear rotation within 3 dimensions which 
is represented by an 0(3) group and its projection of angular momentum which is 
represented by an 0 (2) group.
It turns out that there are only three possible group reductions from (7(6) to 
0(2). These are:
[/(6) C [/(5) C 0(5) C 0(3) C 0(2)
N  Ud u .. . . .  L M
(7(6) C 5'(7(3) C 0(3) C 0(2)
N  {X, jl) . . .  K . . .  L M
(7(6) C 0(6) c  0(5) C 0(3) C 0(2)
N  a 7/ . . . n A - - . L  M
In terms of nuclear structure, the (7(5) limit is associated with a vibrational 
nucleus, the 6"(7(3) limit for axially deformed rotational nuclei and the 0(6) limit for 
7-soft rotational nuclei. The relation between these limits can be shown in the form 
of the symmetry triangle (Casten triangle). However, within this thesis, only the (7(5) 
limit will be discussed as this is the most relevant group associated A~100 nuclei. The 
energy level scheme associated with the (7(5) limit is shown in Figure 2.15.
In terms of the transition probability, T{E2), the B{E2) values in the (7(5) limit 
of the IB A can be written as follows [81]:
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F ig u re  2.15: The modes of excitation associated with a vibrational nucleus, taken 
from [82]
T{E2) =  es[(std +  S s )  + x(ci*4)'^>] =  esQ  (2.90)
<JliB(E2  : L, rid +  1 —» L/, % ) =  e%{nd + 1){N -  rid) (2.91)
Where eg is the effective boson charge and the summation accounts for the 
branching of strength for all possible transitions, allowed by electromagnetic transi­
tion selection rules, between multiplet configurations.
It should be noted that the B{E2) for the (7(5) limit is nearly identical to the 
B{E2) from the geometric vibrational picture, except for the {N — n^) factor, which 
purely arises from the truncation of phase space within the IBA.
The B{E2) for the U(5) limit can be rewritten in terms of spin, / ,  such that [83,84]
B ( E 2 : I ^ I - 2 )  ^  I[2N - 1  + 2)
B  {E2 ; 2+ -> 0+) 4iV  ^ '
Dynamical Sym metries and the £ (^5) Limit
As the 1/(5), 5(7(3) and 0(6) limits of the IBA-1 correspond to a harmonic 
vibrator, axially deformed rotor and 7-soft rotor, respectively, the potentials for these 
three limits (as a function of /?) are shown in Figure 2.16. At a certain point on the 
vertex between the (7(5) and 0(6) limits, a phase transition between the two limits 
exists and is defined by a flat bottomed potential in (i.e. degenerate minima) and 
this can be modelled as an infinite square well [85], shown in Figure 2.17. The physics
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Figure 2.16: Schematic potential wells associated with the IBA. The black curve 
denotes the vibrational, (7(5) potential. The blue curve denotes the deformed 5(7(3) 
and 0(6) potentials. The red dashed line denotes the infinite square well potential 
associated with the E{b) dynamical symmetry. Figure adapted from [85]
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Figure 2.17: The Infinite Square Well Potential, associated with the E { 5 )  dynam­
ical symmetry. Figure adapted from [86]
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of the IBA-1 Hamiltonian can also be reproduced using the Bohr Hamiltonian [49], 
which is shown in equation 2.93. This Hamiltonian represents a collective nucleus in 
five dimensional space (/?, 7 , ^2? where p  is the axially symmetric deformation,
7 is the triaxial deformation and (^i, 0^) define the orientation of the nucleus.
dp dp p^sin^'y d'y 4/?^  ^  sirP (7 — | 7tk) 
When the potential depends only on /?, V (/), 7 ) =  U{p) such that
+  y (^ ,7 ) (2.93)
^  (/), 7, 1^,2,3) =  / ( / ) ) $  (7 , 1^,2,3) (2.94)
From separation of the variables, the differential Bohr Hamiltonian becomes [85]
^ =  0 (2.95)6 -  U{0) -
where tJj{P) = /3^/^/(/3), e =  u — and T =  0, 1, 2, —  Exactly solving this 
Hamiltonian using five-dimensional infinite well such that u{P) — 0 îoi P < p^ and 
u{P) = inf for P > Pw yields eigenfunctions (in terms of zeroes of Bessel functions) 
of the critical point symmetry. From further manipulation, one obtains the energy 
ratios and transition rate ratios which are shown in Figure 2.18. From a systematic 
survey of the ENDSF database (found in [87]) for even-even nuclei, with 30 < Z < 82 
and A  > 60, potential candidates for nuclei which possesses E{h) symmetry must have 
2.00 < R i < 2.40, as the E{b) limit predicts a value of 2.20 and that 2.5Eg+ < Og , O3 < 
4 .5E2+, as the E(5) predicts values of 3.03 and 3.59 for these two states respecively. 
In addition, this means that nuclei with relatively complete level schemes are included 
and that any nuclei with intruder states below 2.5Eg+ can immediately be discarded.
2.2.5 T he B [E 2) -G OS  param eterisation
As a summary, the B{E2) values for a perfect axially deformed rotor, a perfect 
spherical vibrator and a perfect U(5) nucleus, are shown below.
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Figure 2.18; Schematic representation of the lowest portion of the J5(5) level 
scheme. Note, the B(E2) values (the values next to the transistions) are normalised 
to the B [E2 : 2 f  0^) value. Figure adapted from [85]
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To make a comparison of these macroscopic models, one can plot experimentally 
obtained B(E2) values against the model dependent values. Such a plot can show 
structural evolution between the various modes of excitation, for even-N, even-Z nu­
clei. Alternatively, it can show whether the odd particle within an odd-A nucleus is 
rotationally aligned [88] or vibrationally coupled [89]. Figure 2.19 shows the B{E2)~ 
GOS plot for °^®Cd.
Chapter 3 
E xperim ental Procedure and  
Techniques
3.1 Fusion Evaporation R eactions using a Tandem  
Van de Graaff A ccelerator
3.1.1 Fusion E vaporation  R eaction s
To be able to study various structural phenomena associated with the nucleus, 
one can utilise the various nuclear reactions or decays, to either specifically populate 
a certain energy level, achieve an exotic configuration of protons or neutrons, transfer 
a certain amount of angular momentum or a combination of all the above.
Reactions, consisting of accelerated heavy ions impinging on and fusing with static 
‘target’ nuclei, are an effective method of populating excited nuclear states. Depending 
on the energy of the incident nucleus, various reaction mechanisms can occur. These 
range from the incident nucleus being repelled from the target nucleus yet still exciting 
the target nucleus, (“Coulomb excitation”), to fragmentation of the incident/target 
nucleus. A schematic diagram of various reactions at near Coulomb barrier energies, 
is shown in Figure 3.1.
One of the most successful ways to transfer angular momentum into a nucleus is 
by using fusion-evaporation reactions. This reaction is such that a beam of accelerated 
heavy ions, which have enough energy to overcome the Coulomb barrier of the target
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Figure 3.1: Schematic diagram of various nuclear reactions. The red incident pro­
jectile denotes Coulomb excitation of both projectile and target, the blue incident 
projectile denotes the deep inelastic transfer reaction and the yellow incident projec­
tile denotes the fusion reaction process. The impact param eter, b, is the displacement 
of the centre of the projectile-nucleus to the centre of the target-nucleus. The black 
perpendicular line denotes where b =  0. Diagram adapted from [90]
nucleus and lie within the maximum impact parameter, i.e. the sum of the projectile 
and target radii, such that the beam and target nuclei fuse. The nucleus formed via 
complete fusion is left in an excited state, which quickly reaches thermal equilibrium 
such that the angular momentum is distributed throughout the whole nucleus. It 
should be noted that for incomplete fusion with a very high beam energy there is a pre­
equilibrium stage where fast nucleons and nucleon clusters are emitted, for example see 
[91]. Within the equilibrium stage, nucleons are evaporated and this cools the nucleus 
down. These nucleons (usually neutrons for medium and heavy compound nuclei close 
to the line of stability) and remove a small fraction of the angular momentum, typically 
1-2A
From conservation of energy and mass of the beam, target and compound nucleus, 
the excitation energy of the compound nucleus, Eex, is [92]
Eex =  Q +  Ec (3.1)
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where the Q value of the reaction is given by
Q =  [Mp +  Mp  — M cn ] (3.2)
and the energy of the nucleus, in the centre-of-mass frame, Ecm
where Eb is the beam energy and Mp^p,CN are the masses of the projectile, target 
and compound nucleus, respectively.
As the excitation of the compound nucleus is higher than the particle emission en­
ergy threshold, it will undergo particle evaporation to cool down and remove excitation 
energy from the compound system.
The maximum angular momentum, Imax, of the fusion-evaporation can be given 
by [90]
iLuc =  ( Ç )  -  ^c) (3.4)
where is the reduced mass of the system, given by
R  is the maximum distance at which the collision leads to any contact. An empirical 
relation for R, derived from [93], is given by:
R  =  1.36 (A f +  +  0.5fm (3.6)
Vc, in units of MeV, is the Goulomb barrier between the target and projectile in the 
centre-of-mass frame, which can be estimated using the expression [90]:
14 ~  1.44: ^ ^  (3.7)
Assuming that linear momentum is conserved (i.e. neglecting any particle emission 
which may alter the trajectory of the recoiling nucleus) the recoil velocity of the residual
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Figure 3.2; Schematic diagram of the excitation energy vs. spin for a fusion evap­
oration reaction
nucleus can be deduced by
Ml
Vrm. — A/j’ -(- Mp  V Mp
2Ei (3.8)
After emitting light particles (neutrons, protons and a-particles), the nuclei emit high 
energy statistical 7-rays until the nucleus is in a near-yrast s ta te \ which decay by 
discrete transitions, removing typically 1 — 2h. The nucleus is thus left in a state of 
high angular momentum, which then decays along a near-yrast cascade until it reaches 
the ground state. A schematic representation of this can be seen in Figure 3.2
^The yrast state is the state of lowest energy per given angular momenta, or “dizziest” state
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3.1 .2  Tandem  Van de G raaff A ccelerators, th e  Yale E S T U  
A ccelerator and th e  K oln  F N  A ccelerator
For fusion-evaporation reactions to occur, the projectile nucleus has an energy 
which is greater than the Goulomb barrier of the target nucleus. To achieve this, the 
projectile ion has to be accelerated to a high enough energy. One method of acceleration 
involves using a Tandem Van de Graaff accelerator [94] and a sputter ion source [95] to 
extract the desired projectile ions. At WNSL, Yale University, the sputter ion source 
consists of a heated caesium reservoir attached to a sputter cone containing the desired 
target, with a potential of -30kV between the reservoir and cone. The caesium reservoir 
is heated to a high enough temperature such that the caesium becomes singly ionised. 
The negatively charged caesium ion is accelerated and spallates the target cone, yielding 
a singly charged negative projectile ion. The projectile is then focussed, within the Yale 
ESTU accelerator, using two einzel lenses [96], inflected, using an inflector magnet, 
which selects all ions with a Q =  —le charge state and accelerated towards the anode 
of the Tandem Van de Graaff accelerator. Upon reaching this central terminal, the 
singly ionised projectile beam undergoes a collision with the stripper material, in the 
case of the Yale ESTU accelerator, uses both a combination of foils and gases can 
be used for this task [96]. In the experiment described in this thesis, only the ^^ G foils 
were used. This stripper removes the weakly bound, outer-lying atomic electrons from 
the incident anionic beam of nuclei, to leaving the nucleus in either a fully or partially 
ionised state. The stripped beam is then repelled from the central terminal and passes 
through another inflector magnet. This selects the charge state of the beam, via a 
series of dipole “steering” and quadrupole “focussing” magnets. The kinetic energy of 
the singly stripped beam, F , is given by
E  =  +  Q) (3.9)
where Vr is the terminal voltage and Q is the charge state of the ion, after being 
stripped.
Further specific details on the Yale ESTU Tandem Van de Graaff accelerator can 
be found in [96,97]. The 9MV Koln FN Tandem Van de Graaff accelerator functions
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Target G^ Mo 98Mo G^ Mo i97Au isiTa
Channel 4n 3n a3n a 2n 4n 4n
Final Nucleus loecd 103pd 104pd 205 At 189Au
56MeV 579 234 11 23 0 0.26
60MeV 743 119 27 20 0.15 129
64MeV 759 58 50 15 92 360
68MeV 647 22 71 9 230 539
Table 3.1: Predicted reaction cross sections, in mb, (from PACE II) for the indicated 
evaporation channels on the ®®Mo target and also on the stopper and collimator 
materials (given as a function of the bombarding energy).
in a similar manner and further specific details of the accelerator can be found in [98]
3.2 PACE C alculations
For heavy ion fusion-evaporation reactions, an isotopically pure beam of nuclei 
impinging a near-isotopically pure target can create various reaction channels, depend­
ing on the kinetic energy of the incident beam.
The PACE II program [99] provides a theoretical estimate for the production cross 
sections of the all evaporation channels following a fusion evaporation reaction. The 
transmission coefficients used in this code are determined by optical model potentials 
found in [100,101]. Figure 3.3 shows the predicted xn^pxn, axn  reaction channel cross 
sections and Imax for the ®®Mo +  reaction used in this thesis work.
PACE II calculations are also useful for determining whether the beam will excite 
other, contaminant, nuclei found in the experimental set up, e.g. tantalum or lead 
found in collimators and/or faraday cup and stoppers made from gold found in DDGM 
experiments (see Section 3.4). Thus, a limit of the beam energy can be theoretically 
determined and a suitable trade-off between optimal beam energy can be made. An 
example of this is shown in Table 3.1.
3.3 R ecoil D istance M ethod (RDM )
The Recoil Distance Method (RDM) is a technique applied to determining life­
times of excited nuclear states in the range of 10~® s to 10“ ^^  s [102]. A schematic
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Figure 3,3; PACE II cross-section calculations for the xn, pxn and axn channels 
of the -f- ^®Mo reaction, together with the predicted semi-classical Imax induced 
into the compound nucleus,
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F ig u re  3.4: Schematic setup for the Recoil Distance M ethod
diagram underlying this technique is shown in Figure 3.4.
Applying this technique to fusion-evaporation reactions, the nuclei of interest are 
formed by a beam of nuclei impinging upon a thin target. The nuclei formed in this 
reaction recoil out of the target towards a metallic stopper, usually ^^^Au. The recoils 
can either de-excite within the stopper or whilst the recoil is in flight between the 
target and stopper.
The 7-ray transition energies for a stopped recoil, Eq and for a recoil in flight.
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Es are as follows [102]:
Eq — E q (3.10)
where (3 is the recoil velocity (divided by the speed of light, c) and 0 is the angle 
between the recoiling nucleus and the 7  ray. For (3 <  5%, is negligible and Equation 
3.11 reduces to
^7o(l +  ,0co8^)= E o(l +  gcosg) (3.12)
The intensity of the stopped and Doppler-shifted 7 rays, Iq and Is, for a “single-step” 
radioactive decay, is given by
Iq =  Ao exp (3.13)
Is  =  i V o ( l - e x p ( ^ ) )  (3.14)
where d is the distance between the target and stopper and v is the velocity of the 
recoil. Taking the ratio, yields the apparent mean lifetime, r, of an excited state
by
To obtain the intrinsic lifetime of the state, one needs to take into account the lifetimes
of the states which directly feed the transition above. These are governed by the
Bateman equations, shown in Equation 3.17 [103] and also corrections to this feeding 
from other states which indirectly populate the state of interest.
Nn =  No ( c i e “ ^ ‘ * +  C2 e “ ^"* +  • • • +  (3.17)
_  r [ i = l  - ^ i  / q  1 o ')Cm —  T-rn / \ \  \  {0.10)
1  l i = l
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This was the basic principle of deducing lifetimes of excited states. However, when 
this technique was originally utilised, there were no explicit gating conditions applied 
to the 7-ray coincidence spectra and thus the lifetime of an excited state was deduced 
from a singles spectrum. This meant that the possibilities of contaminations due to 
recoils stopping within the target, feeding from isomeric states and the possibility of 
contamination due to near energy doublet transitions meant that there was a possibility 
that a spurious measurement of the intensity could be obtained. Refinements to these 
corrections is required for an accurate lifetime determination.
3.4 A pplication of D ifferential D ecay Curve 
M ethod (D D C M ) to  R D M
The Differential Decay Curve Method (DDCM) [104] is a technique in which the 
lifetimes of nuclear states can be deduced by measuring the intensities of unshifted 
and Doppler shifted (in terms of energy) transitions for a variety of target-stopper 
distances. Such a technique is used to rid of the systematic errors as introduced within 
the traditional RDM analysis.
The DDCM can be applied to all forms of Doppler shift experiments, irrespec­
tive of whether it is the Recoil Distance Method (Recoil Distance Doppler Shift) or 
simulated Doppler Shift Attenuation Method (i.e. lineshape) analysis. The following 
prescription will only detail the treatment required for RDDS data.
A schematic level scheme is shown in Figure 3.5 to introduce the nomenclature 
used throughout the DDCM analysis. The evolution of the population of the state, 
as a function of time, n{t) can be described in the following differential equation [104, 
105]:
~  [rii{t)] = ~Xirii{t) -t- Y ]  >^ hrih{t)bhi (3.19)
h
where A denotes the decay constant of a level and b i^ denotes the branching ratio of 
the levels h with respect to the level i. Solving this differential equation, yields the
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Figure 3.5: Schematic level scheme, which also shows the deconvolution of the level 
scheme into several distinct direct- (and indirect-) feeding branches. Figure adapted 
from [104].
lifetime of the level z, r*, from the expression [104,105]
nit)  = dNj{t)
dt
(3.20)
To include feeding and branching completely, the level scheme shown in Figure 3.5, can 
be deconvoluted into constituent decay channels, which are referred to as elementary 
decay cascades.
The mean-lifetime equation, shown in Equation 3.20 reduces to:
Ti i Ee mt) (3.21)
where e denotes the particular elementary decay cascade used in the analysis. For 
RDDS measurements, to determine the lifetime of the level z, there are three methods 
from Figure 3.5 in which this is done:
Firstly, one could gate directly on the transition above, as shown by the transition 
F. This is known as the direct gating, direct feeding transition. Secondly, one could 
gate on a higher lying transition in a direct feeding band, as shown by transition D. 
This is known as the indirect gating, direct feeding transition. Finally, one could gate
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on a high lying transition which indirectly feeds the state of interest, as shown by 
transition E. This is known as the indirect gating, indirect feeding transition. Note 
that the latter technique yields various statistical factors which cannot be resolved, 
these statistical factors cancel in the first two cases [104,105].
For the direct gating, direct feeding transition, by gating on the shifted component 
of transition F, Fg, the lifetime of level i becomes [104,105]
For the indirect gating, direct feeding transition, by gating on the shifted component 
of transition D, Dg, the lifetime of level i becomes [104,105]
R  _  Bu+Bs
nW  =  (3.23)
where Bu and Bg are the intensities of the shifted and unshifted transitions depopu­
lating level i and Cu and Cg are the intensities of the shifted and unshifted transitions 
populating level i.
This technique will be used to determine the lifetimes of i06,i07Q  ^and ^^^Pd (see 
Chapter 4).
3.4.1 M odelling  th e  R ecoil V elocity  D istrib u tion
As stated in Equation 3.22, the effective lifetime is proportional to the inverse 
of the recoil velocity. Due to the target being of finite thickness, a spread in the 
recoil velocity is evident from either the beam slowing down in the target and/or the 
recoiling compound nucleus slowing down in the target (unless the reaction occurs at 
either of the peripheral sides of the target). To estimate the spread in recoil velocity, 
the SRIM (Stopping Ranges of Ions in Matter) package [106,107] was used. This 
program uses Monte Carlo simulations to determine the average velocity of a single ion 
passing through matter of a certain thickness.
For fusion-evaporation reactions, one needs to model the stopping of the beam and 
the stopping of the recoil separately. Due to the ^^C beam having an energy greater 
than IMeV/amu, the electronic stopping power becomes dominant (cf. the nuclear
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stopping power, as the energy of the incident beam is above the Coulomb barrier) 
and electronic straggling is reduced. The electronic stopping power. Se is given by the 
Bethe-Bloch equation [108-111]
,  2mou^ , A v ^ \  In— j ------- m i l (3.24)
where mo is the rest mass of the electron, v and ze are the velocity and charge of the 
absorbed ions, I  is an empirical parameter which represents the average excitation and 
ionisation potential of the absorber. N  and Z  denote the number density and charge of 
the absorber, with N Z  being the electron density of the absorber. The net result is that 
although the beam is continuously retarded, the scattered beam is in a spatially narrow 
forward focussed window. For modelling the recoiling nucleus in the target, one needs 
to take into account the increased increased electronic straggling, a larger scattering 
angle from the electronic stopping power and also the nuclear stopping power between 
the recoil and the target atoms. The nuclear stopping power Sn is derived in [112-114] 
in terms of e the reduced energy (dimensionless units as described in [112])
Sn{Eo) =  eV/(atom/cm^) (3.25)
where Mi,2 are the masses of the projectile/recoil and target nuclei, respectively and 
Zi,2 are the atomic masses of the projectile/recoil and target nuclei, respectively. It 
should be noted that the total stopping power is the sum of the electronic and nuclear 
stopping powers.
For modelling the spread in average recoil velocity, the following steps were per­
formed (as shown diagrammatically in Figure 3.6. Firstly, using SRIM, a simulation of 
a beam at 60 MeV passing through eight separate ^^Mo targets ranging of thickness, 
i, mg/cm^ (where t lies between 0 and 1 and is the interaction depth) is performed. 
The average energy of the beam is recorded for each thickness (this represents 
the thickness where the fusion-evaporation reaction between and ®^ Mo occurs). 
Secondly, the average velocities of the beam are put into PACE calculations to 
determine the recoil energies of ^^°Cd nucleus at each thickness. Finally, a SRIM sim-
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t (1 - t )
Figure 3.6: Cartoon schematic of the ^^C -f ^®Mo reaction. SRIM is used for deter­
mining the average energy of the ^^C beam after passing through a target thickness 
of t  /im, PACE is used for determining the recoil velocity of the synthesised ^^°~^Cd 
recoiling nucleus at t  /zm and SRIM is used to calculate the average energy of the 
iio~^Cd recoiling nucleus after passing through a target thickness of (1-t) /j,m.
ulation using the recoil velocities determined from the PACE calculations thorugh a 
target thickness of (1 —Z) mg/cm^. The plot of recoil velocity versus interaction depth, 
t, is shown in Figure 3.7.
3.5 Gam m a-Ray D etectors and Arrays
3.5.1 H pG e G erm anium  D etectors
The desirability of using high-purity germanium (HPCe) detectors in modern 
7-ray spectroscopy is due the superior energy resolution and effective thickness with 
which these detectors possess. For a coaxial p-n junction under reverse bias, Poisson's 
equation in cylindrical coordinates states [115]
(Pip I d p  _  p
dr‘^ r dr e (3.27)
where p is the charge density (arising from an imbalance of impurities) and e is the 
dielectric constant. For a coaxial detector of inner radius vi and outer radius r2, the 
electric field between the two radii, E{r) in terms of the potential (p 2  ~ = V) is
-E ( r )  =  - ^ r  + ^  +  (f/4e) (rj -  rf)  ^ ' 2e rln(r-2 - n ) (3.28)
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Figure 3.7: SRIM and PACE simulation results for the ^C  + ^®Mo reaction. 
Figure (a) denotes the percentage of recoils which stop in the target as a function 
of interaction depth. Figure (b) denotes the average recoil velocity as a function 
of interaction depth. Figure (c) denotes the average recoil energy emitted from the 
target as a function of interaction depth. Figure (d) denotes the average recoil energy 
at the point of synthesis as a function of interaction depth. Figure (e) denotes the 
average energy of the beam as a function of interaction depth.
3.5 Gamma-Ray Detectors and Arrays 60
The voltage required to fully deplete the detector, Vd is
P (3.29)
For 7-ray detection, one needs to have a large depletion thickness due to the penetrating 
nature of this radiation and to have an optimum thickness, germanium is used instead 
of silicon. This is due to the lower melting point for germanium (959 °C) compared 
with silicon (1451 °C) and means that is easier to refine impurities and therefore attain 
a larger depletion thickness. An alternate method to compensate for the number of 
impurities is by “lithium-ion drifting” but this is not be discussed here. The energy 
resolution of a HPGe detector, namely the “Full Width at Half Maximum” {FWHM)^ 
can be broken down into three components (for ~ =  0, i.e. source data)
'^FWHM =  +  Wlcoll +  Wllec (3-30)
where Weibc is the broadening effects due to the electronic components following the 
detector, WqcoU is error caused due to incomplete charge collection and Wstat repre­
sents the statistical fluctuation of the number of charge carriers created and is given 
by
Wstat =  (3.31)
where F  is the Fano factor (typically, 0.05 < F  ^  0.20) and e is the energy required 
to create one electron-hole pair (typically ~  3 eV for a germanium detector).
3.5.2 C om pton  S catterin g  and B G O  Shields
For measurement of 7  rays, there are three interaction processes of particular im­
portance: photo-electric absorption, Compton scattering and pair production. Photo­
electric absorption is where a photon is absorbed by a material and in the process of 
absorption, an electron (usually a K shell electron for 7  rays of sufficient energy).
Fg- =  hi/ — El, (3.32)
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For low energy 7-rays, photo-electric absorption is the predominant mode of capturing 
photons and the probability of photo-electric capture is approximately oc 
where the exponential n varies between 4 and 5 [116]. For a photo-electric absorption 
which has a secondary Compton scatter, the energy of the residual photon hi/' is given 
in Equation 3.33
=  7——^ ( 1  -  cos^) (3.33)rrieC^
where 6 is the scattering angle of the photon. Compton scattering is prevalent in 7- 
ray spectroscopy and adds a significant component to the background spectrum. To 
improve the peak-to-background ratio, a scintillator with a high atomic number (i.e. 
high photon capture cross-section) can be placed around the germanium detector to 
suppress escape events. A favoured scintillator used for this task is Bismuth Ger- 
manate, Bi^GegOig (BGO). The BGO shield operates such that any event detected in 
a germanium detector and BGO (within a particular time window) is vetoed.
3.5 .3  H pG e Segm ented  G erm anium  D etectors (C lovers and  
C lusters)
Arrays of HpGe detectors consisting of multiple germanium crystals are often 
used in modern-day nuclear structure experiments [117]. Of particular relevance to 
this thesis work is the clover detector and the cluster detector. The clover detector 
consists of four HpGe detectors arranged in a four-leaf clover shape, with a single 
cryostat and single housing [118] (see Figiue 3.8). The cluster detector consists of 
seven tapered HpGe detectors with one cryostat in a single housing [119,120] (see 
Figure 3.9). The main advantages of having these multiple-crystal (multiple-element) 
detectors comes from its enhanced peak-to-background ratio (with a small, enhanced 
detriment to detector resolution) and reduced Doppler broadening. The enhancement 
of the energy resolution partly comes from the ability to sum the energies of scattered 
photons within adjacent crystals. In addition, events occuring in diagonal elements 
and multiple scatters can be vetoed. The addition of energies from selected crystals is 
commonly referred to as “add-back”.
3.5 Gamma-Ray Detectors and Arrays 62
Figure 3.8: Top: Schematic diagram of a clover detector within a BGO shield. 
Bottom: Crystal arrangement of a four-segment clover detector. Diagrams taken 
from [121].
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Figure 3.9: Schematic diagram of a EUROBALL III, seven-segment cluser detector 
within a BGO shield. Diagram taken from [117].
3.6 Overview of the Yale R D M  Experim ent
To determine the mean lifetimes and B[E2) values for io3,io4p^ and ^
DDCM experiment was set up utilising the WNSL Tandem Van de Graaff Accelerator. 
Gamma-rays were measured using the SPEEDY HpGe 7-ray array [122], consisting of 8 
HpGe clover detectors. Four of these detectors were placed at an angle of 41.5° (forward 
ring) and the other four detectors at 138.5° (backward ring) relative to the beam line. 
The New Yale Plunger Device (NYPD) [123], was used to control the distance between 
the thin target and a ^^^Au stopper. Photographs of the SPEEDY 7-ray array and 
NYPD are shown in Figures 3.10 and 3.11. Diagrams showing the experimental set 
up of the electronics used to process the detector signals are presented in Figures 3.12, 
3.13 and 3.14.
These nuclei of interest were populated by fusing ions from a continuous (DC) 
beam of onto a 1.05mg/cm^ thick, self supporting, ®®Mo target. From the PACE 
calculations (see Figure 3.3 and Table 3.1), an optimum beam energy of 60MeV was 
chosen. This was a high enough beam energy to yield optimal production of the desired 
reaction products without there being significant fusion of the beam on the tantalum 
collimators/faraday cup or gold stopper. The post-accelerator magnet was set such that 
only carbon ions with charge state, Q=5+ would be transmitted to the experimental 
area.
There were two experiments performed using the NYPD. The first was a backed
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F ig u re  3.10: Picture of the SPEEDY 7-ray array, [122]
F ig u re  3.11: New Yale Plunger Device, [123]
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Figure 3.12: Schematic diagram of the experimental set-up for the Yale plunger, 
as adapted from [124]
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Figure 3.13: Schematic diagrams of the electronic set-up for the energy spec­
troscopy for the SPEEDY setup. The red lines/text denote the electronics for each 
leaf of each clover, the black lines/text denote the electronics for each clover and the 
blue lines/text denote the electronics of all detectors. The abbreviation ’ADC’ is 
short for ’Analogue to Digital Converter’
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Figure 3.14: Schematic diagrams of the electronic set-up for the time spectroscopy 
for the SPEEDY setup. In these diagrams the red lines/text denote the elctronics for 
each leaf of each clover, the black lines/text denote the electronics for each clover and 
the blue lines/text denote the electronics of all detectors. The abbreviations are as 
follows: CFD - Constant Fraction Discriminator; GDG - Gate and Delay Generator; 
TDC - ’Time to Digital’ Converter; TFA - Timing Filter and Amplifier
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target experiment, where a self supporting 0.5 mg/cm^ layer of ®^ Mo on a 9 mg/cm^ 
backing layer of ^^^Au was used as the target placed in the centre of NYPD. The 
second experiment was a DDCM experiment where the target was a stretched ®®Mo 
foil of thickness 1.05 mg/cm^ [125] along with a separate ^^ '^ Au stopper of thickness 
10 mg/cm^. The DDCM experiment consisted of ten different target-stopper distances, 
these being set either manually, using a micrometer for very large distances, i.e. dis­
tances greater than 150/um, or electronically, using the plungers piezo-electric feedback 
loop, for shorter distances. The target-stopper used were ll//m , 14;um, 18/im, 23ywm, 
28yLim, 41)Um, 56/^m, 127//m, 330^m and 2008/.un.
The hardware master-trigger condition for both experiments was such that at 
least two, separate, clover units had to register an event within a coincident time 
window of % 2/is, as set by the gate/delay generator outlined in Figure 3.14.
The offline sorting of the data was performed using the CSCAN software package 
[126], with a coincident, prompt, timing-window of py 50ns being set. The data sets were 
sorted into angle versus angle matrices, containing correlated prompt 7-ray energies. 
Gain matching of the detectors was performed by measuring single 7-ray events from 
a ^^^Eu source placed at the target position. Upon doing this, it immediately became 
apparent that one of the detectors in the backward ring was malfunctioning and was 
therefore omitted from all subsequent offline data analysis.
For the analysis of the matrices, the program ‘Tv’ [127] was used to load in the 
matrices and to perform curve fitting/integration. With the program ‘Napatau’ being 
used to determine the lifetime using procedures outlined in [128].
3.7 O verview o f the K oln R D M  Experim ent
To determine the mean lifetimes and B{E2) values for the low-lying states in 
°^®Cd, a DDCM experiment was set up, utilising the Koln FN Tandem Van de Graaff 
Accelerator. Excited states in ^°^Cd were populated by the ^^C (®®Mo, 3n)^ ^® Cd re­
action channel, with =  43 MeV. PACE cross-section calculations for this
fusion-evaporation reaction are shown in Figure 3.15. The reaction 7-rays were mea­
sured using a single seven-element HpGe cluster detector and five single crystal HpGe
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detectors. The central element of the cluster was at an angle 0°, the six outer-elements 
of the cluster detector were at an angle of 34.5° and the five single element detectors 
were at an angle of 141.5° (all angles are quoted with respect to the beam-line axis). 
The Koln Plunger Device was used to control the distance between a thin ^Mo target^ 
and a 6 mg/cm^ ®^’^ Au stopper. In terms of the electronic set-up, the set-up at the 
Institut fur Kernphysik is very similar to that at WNSL, Yale University. The main 
exception is that for the IKP experiment, nine 16K ADCs and three 8K ADCs were 
used. This meant for subsequent off-line sorting, 8k x 8k matrices were generated be­
tween the central cluster element, the six (forward angle) outer cluster-elements and the 
five (backward angle) single HpGe element ring-combinations. Twenty three distances 
were measured in total, over a 15 day period. In addition, due to target breakages and 
other intermittent problems with the plunger, the twenty three distances were split 
four target-stopper offsets. The target-stopper offset comes from the optical alignment 
of the target and stopper. Therefore, each target-stopper offset is different. In the 
final analysis, the four target-stopper distances are brought together by lining up the 
separate decay curves.
^In total, three targets were used during this experiment ranging in thickness from
0.5 —>~0.7 mg/cm^
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Figure 3.15: PACE cross-section calculations for the -f ^®Mo fusion-evaporation 
reaction. For =  43 MeV, the maximum angular momentum of the
compound (^®®Cd) nucleus is 12.8A
Chapter 4
Results
4.1 Pream ble
This chapter contains the results obtained from two separate RDM experiments. 
Section 4.2 will show the results deduced from the RDM experiment undertaken at 
the Wright Nuclear Structure Laboratory at Yale University in August 2004. Section
4.3 presents the results deduced from the RDM experiment undertaken at Koln in 
November 2005.
4.2 R D D S experim ent at Yale
4.2.1 Thick Target E xperim en t  
Calibration
Energy calibration of the experimental setup was performed before and after the 
thick-tar get and RDDS experiments was performed using a ^^^Eu source mounted in 
the target position of the NYPD. The trigger was set such that events with at least 
one detected single 7-ray event would be written to disk. This was performed before 
the acquisition of the DSAM and RDM data sets and is shown in Figure 4.1. Two 
separate off-line sorts were performed of the calibration data. The result of the first 
sort (Figure 4.1a) has an addback condition such that two adjacent crystals firing will 
be classed as a good event and the sum of the two energies deposited in the two crystals
70
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F ig u re  4.1; Spectrum  (a) denotes a ^^^Eu calibration spectrum  with the software 
condition th a t only one or two neighbouring crystals of each clover can fire per event. 
Spectrum  (b) denotes a ^^^Eu calibration spectrum  with the software condition th a t 
only one crystal of each clover can fire per event. Spectrum  (c) is the difference 
spectrum  between spectrum  (a) and spectrum  (b).
of a clover will be summed and recorded to disk. Any events which consist of three 
or four detector hits within a single clover are discarded. Figure 4.1b has no such 
addback condition and any events which consist of two or more adjacent crystals firing 
are discarded. Figure 4.1c shows the difference between the ‘addback spectrum’ and 
‘no addback’ spectrum.
Level Scheme Determ ination Using the Backed Target
Experimental Setup After the initial calibration run, the ^^^Eu source was removed 
from the central position of the NYPD and was replaced by the 0.5 mg/cm^ ®^ Mo 
backed target. The hardware trigger was changed such that two co-incident 7  rays had 
to be detected (in a 2 /is time window) for an event to be recorded to tape. A 2.5 pnA 
beam of at a laboratory energy of 55 MeV, was fired at the target for a total of
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Figure 4.2: Total projection spectrum of the 7 rays detected from the -j- ®®Mo 
reaction using the ®®Mo target backed with ^^^Au. The values in square brackets 
denote the 7-ray transition energy in keV.
23.5 hours. From the subsequent off-line data sorting, co-incident vs. E.y matrices
were created with the condition that two coincident 7  rays had to have been detected 
within a 50 ns mutual coincidence time window (i.e. all 7  rays are ‘prompt’). The total 
projection of this matrix is shown in Figure 4.2. From this projection, it is evident that 
103,104and ioG,io7Qj^  were synthesised [39,129-133] and that excited states in these 
nuclei were populated. It may be noted that the highest-lying states with definite spin 
assignments in i°3,io4pj^ and io6,io7Q^ are 20+, 26+ and respectively.
lospd Level Schem e D ete rm in a tio n  Figure 4.3 shows the projection from placing 
a gate on the 244 keV, 5^ —^ transition in ^°^Pd [129] showing that excited states
within the —
2 2
band have been populated in this nucleus [129]. A gate on the 477 keV,
15-2 Y , transition in ^°^Pd (shown in Figure 4.4) highlights some of the excited
states within this band. A partial level scheme of the transitions observed within this 
experiment is shown in Figure 4.5 and compares well with the published data on this
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Figure 4.3; Gate placed on the 244 keV, 7  ^ =  ^ I"*”, transition in ^®^ Pd.
From backed target data. The unlabelled peaks in the upper panel are not due to 
transitions in palladium, silver or cadmium isotopes and arise from an unidentified 
contaminant in this particular gate.
nucleus [129].
Level Schem e D ete rm in a tio n  Figure 4.6 shows the projection from placing 
a gate on the 205 keV, I"*” —^ I ”**, transition in ^°^Cd [133]. Similar to ^°^Pd, it is 
again apparent that excited states within the y ~ band have been populated. This is 
highlighted in Figure 4.7 which shows the projection from placing a gate on the 515 keV, 
y ~  —^ Y~, transition in ^°'^Cd [133]. A partial level scheme of the transitions observed 
within this experiment is shown in Figure 4.8 and compares to the one published 
in [133].
i04pd Level Schem e D eterm in a tio n  Figure 4.9 shows the projection from placing 
a gate on the 556 keV, 2+ 0+, transition in ^°^Pd [130]. Figure 4.9, shows the
population of various yrast states up to spin 12+ in this nucleus, along with other
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F ig u re  4.4; Projection spectrum  of a  gate placed on the 477 keV, 7^ =  y  T  ’ 
transition in The transistions labelled with * are from ^°^Cd.
23/2------ 2 ^ 3  J9/2+ 2766
847
19/2-
103pd
988
J976
15/2+
T  = 36(3) ns
714
15/2" I  J262
477 11/2+11/2- I  786 —
7/2+ \
7778
IS28  13/2+
873
810
186 718 9/2+
5/2+
660 j
I  244 718
/  0244T
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Figure 4.7: Projection spectrum of a gate placed on the 515 keV, 7^ = ^  
transition in ^®^ Cd.
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Figure 4.8: Partial level scheme of states populated in ^^^Cd from the
^^Mo (^^C, 3n)^^  ^Cd reaction channel.
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transition in ^°^Pd.
1200
0+,
transitions associated with negative parity states [130]. A partial level scheme of the 
transitions observed in this experiment is shown in Figure 4.10 and is consistent to 
that reported [130].
Level Schem e D e term in a tio n  Figure 4.11 shows the projection from placing 
a gate on the 633 keV, 2]^  —» Of, transition in ^^Cd. From Figure 4.11, it is evident 
that low lying-collective transitions (namely the 861 keV, 4 f 2f  transition and 
the 1009 keV 6f  —> 4f transition) associated with being low-lying quasi-vibrational 
states [134] are populated. In addition, a myriad of transitions associated with being 
transitions from single particle states to either single particle or low-lying collective 
states are also observed. Collective states built upon the 10+ bandhead (at 4816 keV) 
up to spin 167%, the 9~ bandhead (at 3678 keV) up to spin 157% and the 8“ bandhead (at 
3507 keV) up to spin 167% are observed [39]. These two quasi-particle collective bands 
are associated with having the structure ^%/h]^  ^ (for the 10+ band), ^z/h^ 0 z^g|^
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Figure 4.10; Partial level scheme of states populated in ^^ '^ Pd from the
(^^C, o;2n) Pd reaction channel. The level scheme is consistent with (and
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f t  4.2 RDDS experiment at Yale 79
3000 
2500 
2000 
?  1500I 1000
@ 500
o
100 200 300 400
00 O M —
i  -500
500 800600 700^  3000 
^ 2500
I  2000
g  1500 
1000 
500
\0
o
900 1000
E.(keV) 1100 1200
Figure 4.11; Projection spectrum of a gate placed on the 633 keV, = 2+ —> O'*", 
transition in
(for the 9“ band) and ^i/hn 0  (for the 8“ band) [135]. A partial level scheme of 
the states of interest and their respective transitions in is shown in Figure 4.12
and compares to the scheme found in [39].
4.2 .2  R D D S  E xperim ent
Preamble
The backed target was replaced by a 1.05 mg/cm^ ^®Mo target^ and a 9 mg/cm^ 
thick ^^ ’^ Au stopper. The piezo-electric feedback loop was switched on such that the 
target-stopper distances remained constant. A beam at 60 MeV was used to 
synthesise the nuclei of interest. In total, ten different target-stopper distances were
^The thickness of this target was deduced using a  scattering at the Institute de Fisica, Universidade 
de Sac Paulo [125]. It should be noted that this is an upper limit of the target thickness. This is 
due to the plunger target-holster stretching the target such that the surface of the target is flat and 
as the target was cut from the holster, the measured thickness may have increased over that in the 
experimental conditions as the target may have relaxed.
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Figure 4.12: Partial level scheme of states populated in from the
®®Mo (^^C, 4n) Cd reaction channel, as observed in the backed-target data. Spins 
and parities of the identified states have been taken from Refs. [39,134]
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used. The number of co-incidences detected in each ring combination for these distances 
is given in Table 4.1. All target-stopper distances, for each ring combination, are 
normalised such that the sum of the intensities of the stopped and shifted transitions 
are constant. Therefore, intensities of stopped and shifted transitions are presented on 
an arbitrary scale. For this experiment, the integral number of counts in each projected 
spectrum is used as the normalisation constant. (N.B. This is also the same procedure 
used in the Koln experiment, see Section 4.3.)
Limitations of the Experiment
In ^^ ®Cd, the 2i —> Of, transition is an energy doublet with the 9 f 8f , 
transition (both have a transition energy of 633 keV). Also, the 4f —> 2f , transition, 
12  ^ —> 10^, transition and 7^ 6f , transition are an energy triplet (all with transition 
energies of ~861 keV). The 6f  4 f transition and the 14^ 12Ï also form an energy
doublet (with a transition energies of ~1009 keV). As there are no suitable gating 
combinations which eradicate the doublet or triplet component, it was not possible 
to accurately determine the mean lifetimes of the =  2f , 4 f and 6f  states in this 
experiment. However, the mean-lifetime of the P  — 2 f was deduced from the later 
Koln experiment (see Section 4.3).
M ean-Lifetime Determ ination of the 11~ state at =  4324 keV in
The mean lifetime of the 7^ — 11"" state at =  4324 keV in °^®Cd was deduced 
by gating on the shifted component of the 890 keV, 13“ - 4- 11“ transition, directly 
populating the 7^ =  11“ state and projecting the stopped and shifted components of 
the 646 keV 11“ 9“ transition, directly depopulating the 7^ =  11“ state. Details of
the gating and deconvolution conditions are shown in Table 4.2. In total, there were 
three gate-projection combinations utilised for this lifetime measurement. The spectra 
for each gate-projection combination are shown in Figures 4.13, 4.14 and 4.15, with the 
raw, and normalised, intensities for each of these ring combinations are shown in Tables
A.l, A .2 and A.3. By fitting two, second-order polynomials to the shifted component of 
the 11“ -4- 9“ transition and fitting the derivative of these polynomials to the unshifted 
component of this transition (using the NAPATAU program [128]), the lifetime was
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Table 4.1: Number of 7-7 coincidences recorded for each target-stopper distance 
and each detector combination of the SPEEDY 7-ray array used in the -h ^®Mo 
RDDS experiment at WNSL Yale. N.B. “Backward” denotes detectors in the 138.5° 
ring; “Forward” denotes detectors in the 41.5° ring.
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Forward Gate Gate Region 893.5 keV -  ^ 895.5 keV (1)
Û = 41.5° 895.5 keV -  ^ 897.5 keV (2)
893.5 keV —>897.5 keV (Sum)
Background Region 816.0 keV 820.0 keV
938.5 keV 942.5 keV
Backward Gate Gate Region Not performed
Forward Projection 
e =  41.5°
Peakfit Region 
Position: Stopped Peak 
Width: Stopped Peak 
Position: Shifted Peak 
Width: Shifted Peak 
Background Region
Background Type
642.5 keV 656.5 keV
646.8 keV
2.4 keV 
649.7 keV 
3.8 keV
621.5 keV 625.5 keV
661.0 keV 672.5 keV
Linear
Backward Projection 
^ =  138.5°
Peakfit Region 
Position: Stopped Peak 
Width: Stopped Peak 
Position: Shifted Peak 
Width: Shifted Peak 
Background Region
Background Type
637.5 keV 649.0 keV 
645.6 keV
2.4 keV
641.5 keV 
3.6 keV
616.0 keV 624.0 keV
652.0 keV 658.0 keV
Linear
Table 4.2: Above: Details of the gating conditions performed on the shifted com­
ponent of the 890 keV, 7^ = 13~ —> 11~, transition in °^®Cd. Below: Details of 
the fitting conditions placed on the stopped and shifted components of the 645 keV, 
J7T _  2^- g-^ transition in °^®Cd.
deduced for each of the tliree gate-projection combinations. These are shown in Figure 
4.16 to be 8.3(4) ps [forward-gate (1), backward-prejection], 8.2(4) ps [forward-gate 
(2), backward-projection] and 7.9(3) ps [forward-gate (Sum), forward-projection]. An 
error in the velocity spread from vq of 14%, 12% and 18% was determined. The error in 
recoil velocity is entirely based on the width and range in recoil energy of the gate. This 
error yielded systematic errors of 1.1 ps, 1.0 ps and 1.4 ps. Combining these systematic 
errors to the (statistical) fitting errors, yields mean-lifetimes of 8.3(12) ps, 8.2(11) ps 
and 7.9(14) ps. Thus, the weighted average of the mean-lifetime of the 7^ =  11“ state 
at Ex =  4324 keV is 8.2(7) ps.
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Figure 4.13: Spectra showing the deconvolution of the the stopped (u) and forward- 
shifted components (s) of the 645 keV, =  11“ —>9“ transition in ^^®Cd, gated on 
the forward-shifted component of the 890 keV, 7^ =  13“ 11“ transition in ^°®Cd.
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F ig u re  4.14: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 645 keV, 7^ =  11“ 9“ transition in ^°®Cd, gated on
the forward-shifted component of the 890 keV (gate (1) in Table 4.2), 7^ =  13“ —> 
11“ transition in ‘^^ ^Cd.
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F ig u re  4.15: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 645 keV, =  11“ 9~ transition in ^°®Cd, gated on
the forward-shifted component of the 890 keV (gate (2) in Table 4.2), H  =  13“ —> 
11“ transition in ^°®Cd.
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Figure 4.16: Lifetime plots, generated from NAPATAU, for the mean-lifetime of 
the /^ = 11“ State (at Ex = 4324 keV) in ^^ ®Cd. Left: Lifetime plot generated from 
the forward-shifted gate (1), backward-projection. Centre: Lifetime plot generated 
from the forward-shifted gate (2), backward-pro j ection. Right: Lifetime plot gen­
erated from the forward-shifted gate (Sum), forward-projection. The definition of 
“Normalised Intensity” is given in the Preamble to Section 4.2.2.
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M ean-Lifetime Determ ination of the =  12*** state at Ex — 5418 keV in 
loecd
The mean lifetime of 7^ =  12'*' state at Ex =  5418 keV in was determined 
by gating on the shifted component of the 808 keV, 7^ =  14'*' —> 12+ transition, directly 
populating the ~  12+ state and projecting the stopped and shifted components of 
the 602 keV P  = 12+ 10+ transition, directly depopulating the P  =  12+ state.
Due to comparatively lower statistics with the negative parity states (see Figure 4.12), 
a single 3 keV wide gate was placed on the forward shifted component of the 808 keV 
transition and a single 3 keV wide gate was placed on the backward shifted component 
of the 808 keV transition. In total, four projection spectra were created from the 
four ring combinations. The details of each gate, projection and fitting parameters of 
the projection are contained in Table 4.3. It should be noted that the backward-gate, 
forward-projection consisted of several anomalous lineshapes, which could not be fitted 
with two Gaussian peaks. For the remaining three gate combinations, the number of 
stopped and shifted transitions for each distance are displayed in Tables B.l, B.2 and
B.3. The associated spectra are shown in Figures 4.17, 4.18 and 4.19. The forward- 
gate and forward-projection, and the sum of the forward-gate, backward-pro j ection 
and backward-gate, backward-pro j ection are only considered for this lifetime analysis. 
From these ring combinations, two separate lifetime plots were generated and these are 
shown in Figure 4.20. For both lifetime plots, two second-order polynomials are fitted 
to the shifted components. The derivatives of these two polynomials are then fitted to 
the unshifted components. For the forward projection, the mean lifetime determined is 
12.4(11) ps and from the backward projection analysis, the mean lifetime determined 
is 10.9(5) ps. The systematic error due to the width of the gate is 2.6 ps for the forward 
projection and 2.0 ps for the backward projection analysis. Adding the statistical error 
(from the polynomial fitting of the curves) and systematic error for both measurements 
yields lifetimes of 12.4(29) ps and 10.9(21) ps. The weighted mean of these two values 
yields the mean lifetime of the P  = 12+ state, as 11.4(17) ps.
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Forward Gate Gate Region 812.0 keV 816.0 keV
e = 41.5° Background Region 758.0 keV 764.0 keV
820.0 keV 825.0 keV
Backward Gate Gate Region 801.0 keV 804.0 keV
e =  138.5° Background Region 773.0 keV 778.5 keV
816.0 keV 823.5 keV
Forward Projection 
e =  41.5°
Peakfit Region 
Position: Stopped Peak 
Width: Stopped Peak 
Position: Shifted Peak 
Width: Shifted Peak 
Background Region
Background Type
597.5 keV 614.0 keV
602.4 keV 
2.4 keV 
605.9 keV 
3.3 keV
570.5 keV 583.0 keV
617.5 keV 623.0 keV
Linear
Backward Projection 
e =  138.5°
Peakfit Region 
Position: Stopped Peak 
Width: Stopped Peak 
Position: Shifted Peak 
Width: Shifted Peak 
Background Region
Background Type
591.5 keV 606.5 keV
602.4 keV 
2.4 keV 
598.9 keV
3.3 keV
570.5 keV 583.0 keV
617.5 keV 623.0 keV
Linear
Table 4.3: Above: Details of the gating conditions performed on the shifted com­
ponent of the 808 keV, = 14'*' 12'*', transition in °^®Cd. Below: Details of
the fitting conditions placed on the stopped and shifted components of the 602 keV, 
— 12'*" —^ 10"*", transition in *^^ ®Cd.
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Figure 4.17: Spectra showing the deconvolution of the stopped (u) and forward- 
shifted components (s) of the 602 keV, = 12+ 10+ transition in °^®Cd, gated
on the forward-shifted component of the 808 keV, 7  ^ = 14+ — 12+ transition in 
lO^ Cd.
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Figure 4.18: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 602 keV, = 12+ —> 10+ transition in °^®Cd, gated 
on the forward-shifted component of the 808 keV, 7  ^ = 14+ —>12+ transition in
lo^Cd.
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F ig u re  4.19: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 602 keV, =  12+ 10+ transition in ^^®Cd, gated
on the backward-shifted component of the 808 keV, H  =  14+ —^ 12+ transition in 
lO^ Cd.
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F ig u re  4.20: Lifetime plots, generated from NAPATAU, for the =  12+ state (at 
Ex =  5418 keV) in Left: Mean-lifetime plot from the forward-gate, forward-
projection. Right: Mean-lifetime plot from the sum of the forward-gate, backward- 
projection and backward-gate, backward-projection. The definition of “Normalised 
Intensity” is given in the Preamble to Section 4.2.2.
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M ean-L ifetim e D e te rm in a tio n  of th e  =  9“ s ta te  a t B% =  3678 keV in
The mean lifetime of = 9“ state at Ex =  3678 keV in was determined
by gating on the shifted component of the 646 keV, 11“ —» 9“ transition, directly 
populating the =  9“ state and projecting the stopped and shifted components of 
the 269 keV 9“ —^ 7“ transition which directly depopulates this state. Due to the 
isomeric nature of this state [135], the 330 jum and 2008 jj,m distances are used in this 
analysis. A single 3 keV wide gate was placed on the forward shifted component of 
the 11“ — 9“ transition and a single 2.5 keV wide gate was placed on the backward- 
shifted component. Details of the gate and projections performed are listed in Table
4.4. For the peak fitting, the shifted peak position of the 2008 /im  was used as this 
has the largest shifted component. The recoil velocity, v of the forward projections 
is 0.89% c and for the backward projections, it is 1.19% c. As the recoil velocity for 
the backward projections are too large, potentially due to the 0.5 keV binning, the 
backward projections are discounted from this analysis. The differential decay curve 
method was utilised for deducing the lifetime of this state by fitting a straight line 
for both stopped and shifted components at 330 /zm and 2008 /zm. This is in turn an 
approximation, as the shifted component is modelled in terms of a series of second- 
order polynomials. From fitting the curves, the mean lifetime, r , of the 9“ state was 
determined as 0.89(17) ns. Accounting for a maximum gating width of 3 keV, the 
error on recoil velocity, A v /c  is 0.18% and thus the systematic error on the lifetime is 
0.18 ns, combining the statistical and systematic errors yields a final deduction of the 
mean lifetime being 0.89(25) ns.
M ean-L ifetim e D ete rm in a tio n  of th e  7^ =  8“ s ta te  a t Ex =  3507 keV in
The mean lifetime of =  8“ state at Ex =  3507 keV in ^^ ®Cd was determined 
by gating on the shifted component of the 598 keV, 10“ 8“ transition, directly
populating the I'^ ~  8“ .state and projecting the stopped and shifted components of 
the 188 keV 8“ —> 6“ transition, directly depopulating the P  — 8“ state. Due to 
the isomeric nature of this state only the 330 /zm and 2008 /zm distances are used, 
for the same reasons as stated in Section 4.2.2. A single 2 keV wide coincidence 
gate was placed on the forward-shifted component of the 598 keV, = 10“ —> 8“
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Forward Gate 
e = 41.5°
Gate Region 648.5 keV 651.5 keV 
Background Region 619.0 keV —> 621.5 keV
654.0 keV —» 657.5 keV
Backward Gate 
^ =  138.5°
Gate Region 641.0 keV 643.5 keV 
Background Region 606.0 keV — 608.5 keV
650.5 keV —> 654.5 keV
Forward Projection 
^ =  41.5°
Peakfit Region 264.0 keV —> 276.0 keV 
Position: Stopped Peak 269.4 keV 
Width: Stopped Peak 2.1 keV 
Position: Shifted Peak 271.2 keV 
Width: Shifted Peak 2,6keV 
Background Region 242.5 keV 251.0 keV
277.0 keV 281.5 keV 
Background Type Linear
Backward Projection 
^ =  138.5°
Peakfit Region 264.0 keV —^ 276.0 keV 
Position: Stopped Pealc 269.4 keV 
Width: Stopped Peak 2.1 keV 
Position: Shifted Peak 267.0 keV 
Width: Shifted Peak 2.6 keV 
Background Region 242.5 keV 251.0 keV
277.0 keV 281.5 keV 
Background Type Linear
Table 4.4: Above: Details of the gating conditions performed on the shifted com­
ponent of the 646 keV, — 11“ —> 9“ , transition in °^®Cd. Below: Details of 
the fitting conditions placed on the stopped and shifted components of the 269 keV, 
— 9“ 7” , transition in ^^ ®Cd.
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transition and a single 2 keV wide coincidence gate was placed on the backward- 
shifted component. Details of the gate and projections performed are listed in Table
4.5. In concordance with the analysis for the P  = 9“ state at Ex =  3678 keV^ the 
peak fitting, the shifted pealt position of the 2008 /^m was used to determine the recoil 
velocity. The recoil velocity, n, of the forward projections is 0.89% c and for the 
backward projections, it is 1.19% c. As the recoil velocity for the backward projections 
are physically too large compared with the recoil velocities deduced from the overall 
analysis and SRIM calculations. This is potentially due to the 0.5 keV binning and low 
statistics. Therefore, the backward projections are discounted from this analysis. The 
differential decay curve method was utilised for deducing the lifetime of this state by 
fitting a straight line for both stopped and shifted components at 330 jim  and 2008 /im. 
This is in turn an approximation, as the shifted component is modelled in terms of a 
series of second-order polynomials. Prom fitting the curves, the mean lifetime, r , of 
the 8“ state was determined as 1.7(3) ns. Accounting for a maximum gating width of 
2 keV, the error on recoil velocity, An/c is 0.16% and thus the systematic error on the 
lifetime is 0.5 ns. Combining the statistical and systematic errors yields a final value 
for the mean lifetime of this state being 1.7(6) ns.
Mean-Lifetime Determ ination of the P  — state at Ex =  1360 keV in
The mean lifetime oi P  = state at Ex =  1360 keV in ^°'^Cd was deter­
mined by gating on the shifted component of the 798 keV, P  = transition
which directly populates the P  = ^ ~  state. The stopped and shifted components 
of the 515 keV, P  = ^  T  transition which depopulates the P  = state 
were then projected. Due to the 511 keV annihilation peak acting as a con­
taminant in the projection of the backward-shifted component, only the projection of 
the forward-shifted component was considered in this analysis. Details of each indi­
vidual gate and the fitting parameters for the forward-shifted component are included 
in Table 4.6. Prom these ring combinations five individual sets of projection spectra 
were created (one from the forward-gate, forward-projection combination and four from 
the backward-gate, forward-projection combinations). After deconvoluting and fitting
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Forward Gate 
6 = 41.5°
Gate Region 601.5 keV —» 603.5 keV 
Background Region 583.0 keV —» 588.0 keV
619.0 keV 622.0 keV
Backward Gate 
^ =  138.5°
Gate Region 594.0 keV 596.0 keV 
Background Region 573.0 keV —> 579.0 keV
621.5 keV 624.5 keV
Forward Projection 
e = 41.5°
Peakfit Region 182.5 keV 194.5 keV 
Position; Stopped Peak 187.5 keV 
Width: Stopped Peak 2.0 keV 
Position: Shifted Peak 188.2 keV 
Width: Shifted Peak 2.4 keV 
Background Region 175.0 keV 181.0 keV
196.0 keV 198.5 keV 
Background Type Linear
Backward Projection 
0 =  138.5°
Peakfit Region 182.5 keV —» 194.5 keV 
Position: Stopped Peak 187.6 keV 
Width: Stopped Peak 2.0 keV 
Position: Shifted Peak 187.0 keV 
Width: Shifted Peak 2.3 keV 
Background Region 175.0 keV 181.0 keV
196.0 keV -> 198.5 keV 
Background Type Linear
Table 4.5: Above: Details of the gating conditions performed on the shifted com­
ponent of the 598 keV, P  = 10“ —> 8“ , transition in °^®Cd. Below: Details of 
the fitting conditions placed on the stopped and shifted components of the 188 keV, 
P  — S~ —> 6“ , transition in °^®Cd.
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Figure 4.21: Spectra showing the deconvolution of the stopped (u) and forward- 
shifted component (s) of the 515 keV, transition in ^°^Cd, gated on
the forward-shifted component of the 798 keV, H  transition in ^°^Cd.
these spectra (as shown in Figures 4.21 - 4.25, with the raw and normalised values of 
these spectra are shown in Tables E.l - E.5), a series of decay curves were generated for 
each individual set of projection spectra. The mean lifetime is determined by plotting 
the normalised intensities versus distance. From fitting a series of second order poly­
nomials to the normalised intensities of the shifted components and the derivative of 
these polynomials to the normalised intensities of the unshifted components yielded five 
individual lifetimes, shown in Figure 4.26, which are 27.2(6) ps, 41.0(11) ps, 33.8(7) ps, 
34.7(8) ps and 26.6(8) ps. The error in recoil velocity is modelled on the width of the 
gating component. For the gate on the forward shifted component, Au/c =  0.17%, for 
each individual gate on the backward shifted component, Au/c =  0.084%. Thus, the 
respective systematic errors are 5.8 ps, 5.1 ps, 3.6 ps, 3.5 ps and 2.5 ps. The weighted 
average of the mean-lifetimes (and their statistical and systematic errors) of the 
state is 31.4(17) ps.
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Forward Gate 
e =  41.5°
Gate Region 
Background Region
801.6 keV
758.5 keV
820.5 keV
805.5 keV
762.5 keV
824.5 keV
Backward Gate 
e = 138.5°
Gate Region
Background Region (All)
794.0 keV -
793.0 keV -
792.0 keV -
791.0 keV -  
791.0 keV
773.0 keV
795.0 keV (1)
 ^ 794.0 keV (2)
793.0 keV (3)
^ 792.0 keV (4) 
795.0 keV (Sum)
777.0 keV
818.0 keV 822.0 keV
Forward Projection Peakfit Region (All) 508.0 keV 523.0 keV
e = 41.5° Position: Stopped Peak (All) 514.9 keV
Width: Stopped Peak (All) 2.3 keV
Position: Shifted Peak (1) 517.4 keV
Position: Shifted Peak (2) 517.9 keV
Position: Shifted Peak (3) 518.1 keV
Position: Shifted Peak (4) 518.3 keV
Position: Shifted Peak (Sum) 518.0 keV
Width: Shifted Peak 3.3 keV
Background Region (All) 503.0 keV 507.0 keV
527.0 keV 537.0 keV
Background Type Linear
Backward Projection No fit due
e = 138.5° to contamination 
from 511 keV C^e" 
annihilation
Table 4.6: Above: Details of the gating conditions performed on the shifted com­
ponents of the 798 keV, ^  ^  , transition in ^°^Cd. Below: Details of
the fitting conditions placed on the stopped and shifted components of the 515 keV, 
^  T  ’ transition in ®^’^ Cd.
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Figure 4.22: Spectra showing the deconvolution of the stopped (u) and forward- 
shifted component (s) of the 515 keV, transition in ^°^Cd, gated
on the backward-shifted component (denoted by (1) in Table 4.6) of the 798 keV,
transition in ^®^Cd.
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F ig u re  4.23: Spectra showing the deconvolution of the stopped (u) and forward- 
shifted component (s) of the 515 keV, 7^  ^ transition in ^^^Cd, gated
on the backward-shifted component (denoted by (2) in Table 4.6) of the 798 keV,
^  transition in ^®^Cd.
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Figure 4.24: Spectra showing the deconvolution of the stopped (u) and forward- 
shifted component (s) of the 515 keV, transition in ^®^Cd, gated
on the backward-shifted component (denoted by (3) in Table 4.6) of the 798 keV,r7T _  1^ '  ^ ~ 2 Y  transition in ^°^Cd.
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Figure 4.25: Spectra showing the deconvolution of the stopped (u) and forward- 
shifted component (s) of the 515 keV, 7  ^ = > R ” transition in^  — "y  ^ '^'Cd, gated
on the backward-shifted component (denoted by (4) in Table 4.6) of the 798 keV, 
Y  transition in ^°^Cd.
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F ig u re  4.26: Lifetime plots, generated from NAPATAU, for the mean-lifetime of
the ^  state (at Ex =  1360 keV) in Upper left: Lifetime plot gen­
erated from the backward-shifted gate (1), forward-projection. Upper centre: Life­
time plot generated from the backward-shifted gate (2), for war d-pro j ection. Up­
per right: Lifetime plot generated from the backward-shifted gate (3), forward- 
projection. Lower left: Lifetime plot generated from the backward-shifted gate (4), 
forwar d-pro j ection. Lower right: Lifetime plot generated from the forward-shifted 
gate, forward-projection. The definition of “Normalised Intensity” is given in the 
Preamble to Section 4.2.2.
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M ean-Lifetime Determ ination of the y ~ state at Ex =  2158 keV in
The mean lifetime of =  y  state at Ex =  2158 keV in was determined by 
gating on the shifted component of the 960 keV, —> y  transition which directly 
populates the =  y  " state and projecting the stopped and shifted components of the 
798 keV y  y  transition. The 960 keV, y ^  —^ y  , unstretched E l  transition 
was used in this analysis as opposed to the 956 keV, y ~  -4  y ~  transition. This was 
due to the forward shifted component of the 956 keV transition is contaminated with 
the stopped component of the 959 keV, y ^  —» y  , transition in ^^^Cd. In addition, 
the backward shifted component was contaminated with the stopped component of the 
952 keV, y ^  —> y ^ , transition in Only the forward shifted component of the
959 keV, y ^  —> y  , transition was used, due to the backward shifted component being 
contaminated by the stopped component of the 956 keV, y "  ^  y "  transition. Details 
of the gating and projection regions are shown in Table 4.7. In total, two projections 
were analysed. From suitable deconvolutions of the forward and backward projections 
(shown in Figures 4.27 and 4.28 respectively) two separate lifetime plots are made 
(shown in Figure 4.29). The mean lifetimes for forward and backward projections are 
3.3(7) ps and 5.4(6) ps respectively. The systematic error on each lifetime, due to the 
spread in recoil velocity, is 0.3 ps and 0.6 ps respectively. The weighted average value 
for the mean lifetime of the y  state in °^"^ Cd is 4.3(6) ps. As the tail portion of the 
region of interest was experimentally observed. The mean lifetime deduced from this 
measurement can only be associated as being an upper limit for the lifetime.
Mean-Lifetime Determ ination of the ~ ~  state at Ex =  1262 keV in
The mean lifetime of P  = y ~  state at Ex =  1262 keV in ^°^Pd was determined 
by gating on the shifted component of the 714 keV, y "  —> y "  transition and pro­
jecting the stopped and shifted components of the 477 keV y  T~ transition. 
The forward-shifted component of the 714 keV, y '  —> y "  transition is entangled 
with the stopped component of the 718 keV, transition, therefore only the
backward-shifted gate was used in this analysis. Due to the 474 keV —> I"*” transition
acting as a possible contaminant in the projection of the backward-shifted component, 
only the projection of the forward-shifted component was considered in this analysis.
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Forward Gate 
$ =  41.5°
Gate Region 
Background Region
963.0 keV 965.0 keV 
910.5 keV 913.5 keV
1021.0 keV -> 1024.0 keV
Backward Gate 
^ =  138.5°
No gate placed 
due to contamination 
from 956.0 keV, y "  —^ 
transition
Forward Projection 
Ô -  41.5°
Peakfit Region 
Position: Stopped Peak 
Width: Stopped Peak 
Position: Shifted Peak 
Width: Shifted Peak 
Background Region
Background Type
790.0 keV 818.0 keV
798.5 keV 
2.6 keV 
804.3 keV
4.1 keV
744.0 keV 755.0 keV
820.0 keV 835.0 keV
Linear
Backward Projection 
e =  138.5°
Peakfit Region 
Position: Stopped Peak 
Width: Stopped Peak 
Position: Shifted Peak 
Width: Shifted Peak 
Background Region
Background Type
785.0 keV 804.0 keV
798.3 keV 
2.6 keV
792.6 keV
4.1 keV
740.0 keV 755.0 keV
820.0 keV 835.0 keV
Linear
Table 4.7: Above: Details of the gating conditions performed on the shifted com­
ponents of the 960 keV, transition in Below: Details of
the fitting conditions placed on the stopped and shifted components of the 798 keV, 
/ 7T _  ^  T  ’ transition in ^°^Cd.
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Figure 4.27: Spectra showing the deconvolution of the stopped (u) and forward- 
shifted components (s) of the 798 keV, ^  transition in ^°"^Cd. These
spectra are taken from forward-shifted gate of the 960 keV, transi­
tion in ‘^^ ^Cd.
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F ig u re  4.28; Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 798 keV, transition in ^°’^ Cd, gated
on the forward-shifted component of the 960 keV,
lo^cd.
^  transition in
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F ig u re  4.29: Lifetime plots, generated from NAPATAU, for the mean-lifetime of 
the 7^ =  ^  state (at Ex =  2158 keV) in Left: Lifetime plot generated
from the forward-shifted gate, for war d-pro j ection. Right: Lifetime plot generated 
from the forward-shifted gate, backward-pro j ection. The definition of “Normalised 
Intensity” is given in the Preamble to Section 4.2.2.
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Forward Gate 
# =  41.5°
No gate placed 
due to contamination 
from 718 keV, I"*" — |-j-, 
transition
Backward Gate 
e =  138.5°
Gate Region 
Background Region
708.0 keV 710.5 keV
663.0 keV 666.5 keV
743.0 keV 747.0 keV
Forward Projection 
# =  41.5°
Peakfit Region 
Position: Stopped Peak 
Width: Stopped Peak 
Position: Shifted Peak 
Width: Shifted Peak 
Background Region
Background Type
Backward Projection 
138.5°
470.0 keV 490.0 keV
476.5 keV
2.3 kefy
479.4 keV
3.4 keV
440.0 keV ^  453.0 keV
497.0 keV 510.0 keV
Linear 
No projection 
due to contamination 
from 474 keV,
transition
Table 4.8: Above: Details of the gating conditions performed on the shifted com­
ponents of the 714 keV, I'^ = ^  T  ’ transition in ^®^ Pd. Below: Details of 
the fitting conditions placed on the stopped and shifted components of the 477 keV,
^  , transition in *^^ P^d.
Details of the backward-shifted gating component and the fitting parameters for the 
forward-shifted projection are included in Table 4.8. Upon deconvoluting and fitting 
the forward-shifted projection spectra (as shown in Figure 4.30, with the raw and nor­
malised data values in Table G.l), a series of decay curves were generated. This analysis 
yielded a single lifetime plot (see Figure 4.31) and a mean-lifetime of 31.2(10) ps. The 
error in recoil velocity is modelled on the width of the gating component and for this 
Au/c =  0.13%. The resultant systematic error for this lifetime is 4.3 ps. Thus, the 
mean-lifetime of the state in ^^^Pd is 31.2(44) ps.
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Figure 4.30: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 477 keV, transition in ^°^Pd, gated
on the backward-shifted component of the ■= ^ 4r transition in ^®^Pd.
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Preamble to Section 4.2.2.
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Label 7-ray energy Ex-Depop TTT T7T ii if
a 188 keV 3508 keV 8r - » 6r
b 269 keV 3679 keV 9 r - ^ 7 r
c 540 keV 3044 keV
d 552 keV 3044 keV 8+ ^ 6f
e 598 keV 4106 keV 10;- -> 8[
f 602 keV 5418 keV 12f lOf
g 646 keV 4324 keV I lf  —> 9f
Table 4.9: Selected 7 rays in ®^*^ Cd from Figure 4.33
4.3 R D D S experim ent at K oln
4.3.1 Pream ble
The acquisition of 7-7 coincidence data for 23 separate target-stopper distances 
was followed by calibration of each detector using a ^^^Eu source. The source was 
mounted at the target position at the start and the end of the experiments. Upon 
calibration of the detectors, the variation in peak position between each run, i.e. the 
“runshift” , was accounted for.
Figure 4.32 shows the total projection spectrum of the backward ring of detectors 
{9 = 138.5°) at a target-stopper distance of 20.5/^m and demonstrates that excited 
states in °^®Cd were populated. Figure 4.33 shows a gate placed on the stopped and 
backward-shifted components of the 633 keV, R =  2j" —> Oi', transition in ^°^Cd. 
It is evident that similar states in °^®Cd are populated, compared to the experiment 
performed at Yale discussed in Section 4.2. The main difference is that there are no 
states populated above I~  12h due to the reaction energetics (i.e. reduced angular 
momentum and excitation energy input into the Koln experiment). Table 4.9 lists 
various transitions of interest which can be identified in Figure 4.12. In addition, it 
is evident that the 633 keV, R =  9^ " —> transition; the 861 keV, R =  12“ —> 
10“ transition and 862 keV, R =  7^ —> 67 transitions are weakly populated in the 
Koln data. Figures 4.34 and 4.35 are projections of gates placed on the stopped and 
backward-shifted components of the 633 keV, R =  2f  Oj" transition and 861 keV, 
R =  4+ —^ transition. For both spectra, relative comparison of the intensity of the
633 keV and 861 keV transitions can be made.
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Figure 4.32; Total projection spectrum of the Mo reaction at
= 43 MeV, performed at the IKP, Koln. Both the energy-labelled transitions and 
the transitions labelled * are in °^®Cd.
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Figure 4.33: Projection of prompt 7-rays in coincidence with the 633 keV,
D = 2]*' —^ transition in in the IKP Koln data. Both the energy-labelled
transitions and the transitions labelled * are in ^^ ®Cd. So also are the transitions 
labelled with letters as given in Table 4.9.
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Figure 4.34; Spectrum showing the reduced level of 633 keV, F  = Qj" —^ 8]^  
contaminant transition compared to the 861 keV, F  = 4f —s- 2f  transition in the 
Koln data. The gate was placed on stopped and backward-shifted components of the 
633 keV, (predominantly) F  = Of transition.
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Figure 4.35: Spectrum showing the 633 keV, F  = 2]*' and the reduced level of 
861 keV, F  = I27 —> IO7 and 862 keV, F  = 7g —» 6j^ , contaminant transitions in the 
IKP Koln data. The gate was placed on stopped and backward-shifted components 
of the 861 keV, (predominantly) F  = 4^ transition.
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Experimental Problems
It is apparent that some of the detectors in the forward ring (i.e. modules of 
the cluster detector) have undergone neutron damage. This is displayed in Figure 4.36 
where the gaussian nature of the stopped and forward-shifted peaks appear to blurred 
in comparison to those in the backward ring. It should be noted that the gate placed on 
this transition is the backward-shifted component. Upon closer inspection, it appears 
that there are at least three peaks for every stopped and forward-shifted component. 
Also, a similar problem is evident for gating on the forward-ring of detectors. This 
affects both forward and backward-projections. Therefore, it has been decided that 
only the backward-ring of detectors was used in this analysis.
4.3 .2  R D D S  E xperim ent
Mean Lifetime Determ ination of the P  =  state in
Table 4.10 shows the gating and projection conditions performed in this mea­
surement. Overall, three separate 1 keV gates were placed on the backward-shifted 
components of the 861 keV, F  =  4j" 2 f  transition in °^®Cd. The resultant stopped 
and backward-shifted peaks for each projection were fitted, deconvoluted and nor­
malised. Appendix H shows the raw values obtained from these fits. Figures 4.37 
to 4.42 show the fitted, deconvoluted spectra for all 23 distances, for each individual 
gate. An appropriate fit of the normalised stopped and backward-shifted components 
in NAPATAU, yielded three individual lifetime measurements (and statistical errors) 
of 16.3(2) ps, 17.1(2) ps and 18.1(2) ps (see Figure 4.43). The error in the recoil veloc­
ity, as discussed in Section 4.2, yielded systematic errors of 1.4 ps, 1.6 ps and 1.9 ps 
respectively, leading to a final value for the mean-lifetime of the F  =  2'  ^ state in ^°^Gd 
of 17.0(9) ps.
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F ig u re  4.36: Left Hand Side Spectra: Stopped and forward-shifted components of 
the 633 keV, V  =  2^  O f , transition. Right Hand Side Spectra: Stopped and 
backward-shifted components of the 633 keV, V  =  2 f  —>■ O f , transition. Top Row 
Spectra: Projections taken at a target-stopper distance of 13.2 f im.  Bottom Row 
Spectra: Projections taken at a target-stopper distance of 22.5 yum. All projections 
have been generated from a gate on the backward-shifted component of the 861 keV, 
V  = Af  2f ,  transition.
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Figure 4.37: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 633 keV, =  2^  0"^  transition in ^^®Cd, gated on
the backward-shifted component of the 861 keV, 7^ =  4+ ^  2+ transitions in ^°®Cd, 
denoted in Table 4.10 as (1). The distances shown range from 3.0 f i m  to 21.0 //m.
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Figure 4.38: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 633 keV, 7^ =  2+ —» 0+ transition in ^°®Cd, gated on 
the backward-shifted component of the 861 keV, /^  =  4+ —^ 2+ transitions in ^°®Cd, 
denoted in Table 4.10 as (1). The distances shown range from 22.5 /rm to 183.2 //m.
4.3 RDDS experiment at Koln 122
^ 20Ô
150CNo  100
' 1u IS.Oum zl.Ojim
14.0|im u iD.Oum
13.2Lim% 13.0|uim
150
3.0 i^m --
615 625 635 645 615 625 635 645
(keV) (keV)
F ig u re  4.39: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 633 keV, =  2+ 0"^  transition in ^°®Cd, gated on
the backward-shifted component of the 861 keV, 7^ =  4""" 2+ transitions in ^®®Cd,
denoted in Table 4.10 as (2). The distances shown range from 3.0 f i m  to 21.0 f im.
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Figure 4.40: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 633 keV, 7  ^ = 2+ —> 0+ transition in °^®Cd, gated on 
the backward-shifted component of the 861 keV, = 4+ —»• 2+ transitions in °^®Cd, 
denoted in Table 4.10 as (2). The distances shown range from 22.5 /rm to 183.2 /2m.
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Figure 4.41: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 633 keV, = 2'+' 0+ transition in °^®Cd, gated on
the backward-shifted component of the 861 keV, 7  ^= 4+ 2+ transitions in °^®Cd,
denoted in Table 4.10 as (3). The distances shown range from 3.0 fim to 21.0 /J,m.
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Figure 4.42: Spectra showing the deconvolution of the stopped (u) and backward- 
shifted components (s) of the 633 keV, =  2+ 0+ transition in ^°®Cd, gated on
the backward-shifted component of the 861 keV, /^  =  4+ —> 2+ transitions in ^°^Cd, 
denoted in Table 4.10 as (3). The distances shown range from 22.5 fim to 183.2 fim.
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F ig u re  4.43: Lifetime plots, generated by NAPATAU, for the 7^ =  2^  state in 
*^^ ®Cd. Left: Lifetime plot generated from the backward-shifted gate (1), backward- 
shifted projection. Centre: Lifetime plot generated from the backward-shifted gate 
(2), backward-shifted projection. Right: Lifetime plot generated from the backward- 
shifted gate (3), backward-shifted projection. The definition of “Normalised Inten­
sity” is given in the Preamble to Section 4.2.2.
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Backward Gate 
e = 141.5°
Gate Regions
Background Region
854.0 keV -
855.0 keV -
856.0 keV -
815.0 keV
898.0 keV
855.0 keV (1)
856.0 keV (2)
857.0 keV (3)
819.0 keV
902.0 keV
Backward Projection 
e =  141.5°
Peakfit Region (1,2,3) 
Position: Stopped Peak (1,2,3) 
Width: Stopped Peak (1,2,3) 
Position: Shifted Peak (1) 
Position: Shifted Peak (2) 
Position: Shifted Peak (3) 
Width: Shifted Peak (1,2,3) 
Background Region (1,2,3)
Background Type
620.0 keV 640.0 keV
632.7 keV
2.2 keV
628.5 keV
628.8 keV 
629.2 keV
2.8 keV
612.0 keV ^  618.0 keV
642.0 keV 648.0 keV
Linear
Table 4.10; Above: Details of the gating conditions performed on the backward- 
shifted components of the 861 keV, = 4+ ^  2+, transition in ®^®Cd. Below: 
Details of the fitting conditions placed on the stopped and backward-shifted compo­
nents of the 633 keV, 7^ = 2+ —> 0+, transition in °^®Cd.
Chapter 5
D iscussion
5.1 Pream ble
This chapter is split into two sections. Section 5.2 refers to the ®^ Mo -f ex­
periment performed at the Wright Nuclear Structure Laboratory, Yale University (as 
outlined in Section 3.6). Section 5.3 refers to the ®®Mo -t- experiment performed at 
the Institut für Kernphysik der Universitat zu Koln (as outlined in Section 3.7). Both 
of these sections split start with a dissemination of each result. This is performed by 
comparing each mean lifetime (or B{E2)) deduced in these experiments to previously 
measured values and values of the analogous state in neighbouring nuclei. A compar­
ison of inferred nuclear observables (from the measured B{E2) values) with various 
theoretical models is then performed.
5.2 The C ollective N ature of the M edium  Spin  
States in
5.2.1 Sum m ary and C om parison o f th e  M edium -Spin  S tates
in ^^^Pd and io6,io7q ^
Table 5.1 provides a summary of the results obtained from the +  ®^ Mo RDM 
experiment, performed at WNSL Yale in August 2004. The B{E2) values were ex­
tracted from the measured lifetime of the decay using Equation 5.1 while the quadrupole
128
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Nucleus r Ex T c r ) B(.B2) (e^fm^) B{E2) W.u. Aluücd
106cd
lOGCd
106Qd
ii_
12+
9-
8“
4324 keV 
5418 keV 
3678 keV 
3507 keV
8.2(6) ps 
11.4(17) ps 
0.89(25) ns 
1.7(6) ns
885(76)
906(135)
682(192)''
2372(837)^
29.7(25)
30.4(45)
23(13
80(28)
0.135(12)
0.136(20)
0.17(5)
0.29(10)
lo^cd
15-219-2
1360 keV 
2158 keV
31.4(17) ps 
< 4.3(6) ps^
718(39) 
> 587(82)
23.8(13)
>197^28)
0.12(1) 
> 0.11(2)
103pd 15-2 1262 keV 31.2(44) ps 1060(150) 37(5) 0.16(2)
Table 5.1; Overview of results deduced from the + ®^ Mo RDM experiment, 
performed at Yale in August 2004.
® As the 7-ray energy of the depopulating E2 transition is 269 keV, an assumed 
internal conversion co-efEcient, a{E2 : 269 keV) — 0.047, has been adopted [136].
 ^ As the 7-ray energy of the depopulating E2 transition is 188 keV, an assumed 
internal conversion co-efficient, a {E2 : 188 keV) — 0.160, has been adopted from 
[136].
 ^ The value for the mean-lifetime of the ^  state is an upper limit (see Section 
4.2.2).
deformation par ameuter {^2 ) was determined using the axially-symmetric rigid-rotor 
model [13], using Equations 5.2 and 5.3.
B{E2) = 1.225 X  lO**
B(E2)  =  \(JiK20\\JiK)Ÿ
Qq \/57r Z a g & ( l +  0.16&)
(5.1)
(5.S0
(5.3)
In Equations 5.1 to 5.3, is the 7-ray energy in units of MeV, r  is the mean-lifetime 
of the state in units of seconds, Qo is the static quadrupole deformation in units of 
e.fm, Z  is the atomic number and R q is the atomic radius (^Rq =  1.2A^fm^.
5.2.2 T h e P  =  12+ S tate  at Ea, =  5418 keV in
The measurement of the mean-lifetime of the B  =  12+ state at E^ = 5418 keV in 
°^®Cd is the first reported value for this particular state. Table 5.2 compares the current 
measurement with other collective 12+ states in neighbouring cadmium isotopes. The 
extracted B{E2) value and deduced for the 7^ =  12+ state compares well to the 
equivalent states in °^®Cd, which is associated as being a collective excitation built on 
a maximally-aligned p band-head configuration [41,44]. Similar structure are
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Nucleus Experiment
keV
r(12+)
ps
B {E2 : 12+ 10+) 
W.u. P2
luücd Yale 2004 
DDCM (Current Work)
5418 11.4(17) 30.4(45) 0.136(20)
lUSQd NBI 1994 
DDCM [41]
4709 14.6(4) 34.3(10) 0.146(4)
iiuCd NBI 1990 
DDCM [43]
4172 11.4(6) 41.2(22) 0.161(8)
l^Cd Koln 2001 
DDCM [138]
4172 12.0(6) 39.1(20) 0.157(8)
and heavier
No Relevant !Experimental Information
Table 5.2: Mean-lifetimes of B  = 12+ states in light-cadmium isotopes. NBI refers 
to the Niels Bohr Institute, Denmark.
Nucleus Experiment E^
keV
T ( l l - )
ps
B (E2 :11“ 9“ ) 
W.u. A
Yale 2004 
DDCM (Current Work)
4324 8.1(6) 29.7(25) 0.135(12)
NBI 1994 
DDCM [41]
4188 5.2(2) 29.9(12) 0.137(5)
U“Cd NBI 1990 
DDCM [43]
4172 3.0(2) 22.5(15) 0.120(4)
^^Gd 
and heavier
No Relevant Experimental Information
Table 5.3: Mean-lifetimes of equivalent = 11 states in light-cadmium isotopes. 
NBI refers to the Niels Bohr Institute, Denmark.
reported in ^^°Cd, (see References [41,43,44,137] and Section 6.1).
5.2.3 T h e r  =  11“ S ta te  at =  4324 keV  in “ ®Cd
The mean-lifetime of the =  11~ state at = 4324 keV in °^®Cd is the first 
reported measurement for this particular state. Table 5.3 compares this measurement 
to other collective 11“ states in cadmium isotopes. As with the B  — 12+ state, the 
measurement compares very well to mean-lifetime measurements of equivalent = 11“ 
states in ^°^Cd.
^  5.2 The Collective Nature of the Medium Spin States in 106Cd 131
Nucleus Experiment r (9 ) ns B{E2 : g- 7“ ) 
W.u. /?2
luecd Yale 2004, DDCM [140] 
Rutgers, C-S.M. [135] 
Russia, C-S.M. [139]
0.89(25)
1.0(-f0.2,-0.5)
0.2(-H.2,-0.3)
23(7)
21(4-20,-4)
103(+oo,-88)
0.12(4) 
0.11(4-0.05, -0.01) 
0.25(4-00, -0.15)
Table 5.4: Comparison of the deduced mean-lifetimes for the E  = 
*^^ ®Cd. C-S.M. stands for Centroid-Shift Method.
= 9 state in
Nucleus Experiment T ( 8  ) ( n s ) B {E2 : 8" 6“ ) 
W.u. A
ibecd Yale 2004, DDCM [140] 
Rutgers, C-S.M. [135] 
Russia, C-S.M. [139]
1.7(6)
1.7(6)
2 . 2 ( + 0 . 2 , - 0 . 8 )
73(27)
73(27)
56(+22r5)
0 . 2 2 ( 8 )
0 . 2 2 ( 8 )
0.19(4-5, -1)
Table 5.5: Comparison of the deduced mean-lifetimes for the 7  ^
^^ ®Cd. C-S.M. stands for Centroid-Shift Method.
8 state in
5.2 .4  T he 7  ^ =  9 and 8 S ta tes at En 
in
3678 keV  and 3507 keV
106c d
The mean lifetimes of the isomeric = 9“ and 8“ states at = 3678 keV and 
3507 keV, respectively, have been previously deduced from measuring the centroid shift 
of the prompt peak in the timing spectrum [135]. The current lifetime determination 
of these states can only serve as a guide, considering that only two data points were 
used in this determination and that a straight-line fit of the shifted component is 
only an approximation to the series of second-order polynomials which are usually 
fitted to shifted components of decay curves that have more data points. Tables 5.4 
and 5.5 compares om measurements of the mean lifetimes of the 7^ =  9“ and 8“ 
states at Ex =  3678 keV and 3507 keV to other published measurements [135,139]. 
The mean-lifetime values deduced, from this Recoil Distance Method experiment are 
consistent with the literature values. The current work supports the value obtained by 
Andrejtscheff [135]. Interestingly, there appears to be a significant difference between 
the inferred deformation of the 7^ =  9“ and 8“ band-heads. Section 6.1 outlines how 
g-factor measurements would show significant differences between these quasi-particle 
structures.
5.2 The Collective Nature of the Medium Spin States in 132
Nucleus Experiment T ) (ps)
W.u.
A
i+'Cd Yale, 2004 (Current Work) 31.5(17) 24(2) 0.12(1)
München, 1974 [141] 23.6(15) 32(2) 0.14(1)
lU9cd IKP, 2000 [138] 14.4(6) 47(2) 0.18(1)lU3pd Yale, 2004 (Current Work) 31.2(44) 37(5) 0.16(2)
Table 5.6: Comparison of the deduced mean-lifetimes of the E  = ^  state in iMpd and 107,109
Nucleus Experiment 7" ( if  ) (ps) B {e 2 :
W.u.
P2
™Cd Yale DDCM, 2004 (Current Work) < 4.3(6) > 19(3) > 0.11(1)
uwCd IKP DDCM, 2000 [138] 0.85(20) 78(18) 0.22(5)
Table 5.7: Comparison of the deduced mean-lifetimes of the E  = ^  state in
107,109Cd.
5.2.5 T he /^ =  y  and y  S ta tes at =  1361 keV  and  
2159 keV  in ^^^Cd
Tables 5.6 and 5.7 compare the deduced values obtained for the mean-lifetimes 
of the y  and y  states in ^^ '^ Cd, with previously deduced values. It is notable that 
there is a significant difference between our values and the values published in [141]. 
Interpretation of these values is discussed in Section 5.2.6.
5.2.6 T R S C alculations for ^^^Pd and i06,io7Q^ 
loecd
Figure 5.1 shows a series of TRS calculations performed for ^^^Pd and io6,io7Qd. 
The upper-left panel of Figure 5.1 shows a TRS calculation of the vacuum configuration, 
for the = 2f  state in ^^ ®Cd, as having a P2  deformation of 0.140, a P4  deformation of 
-0.008 and a 7 deformation of -2.12°. This is comparable to calculations performed by 
Moller-Nix [143] where the calculated ground-state P2  and /?4 deformations are 0.126 
and -0.002, respectively. Further discussion of the B  — 2+ state is given in Section 
5.3.1. The upper-right panel of Figure 5.1 shows a TRS calculation, associated to 
the =  12+ state at = 5418 keV in °^®Cd. The two quasi-particle configuration 
adopted for this calculation is . The deformation, predicted from this TRS
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0.3 0 .40 .0  0.1
X = P2COS(y+30°)
Figure 5.1; T o t a l  R o u t h i a n  S u r f a c e  c a l c u l a t i o n s ,  ( a )  ^°^Cd, ( 0 , + )  v a c u u m  c o n f i g ­
u r a t i o n ;  ÜJ =  0 . 3 0 ,  P2 =  0 . 1 4 0 ,  7  =  - 2 . 1 2 ° ,  I x  =  2 . 2 1 a  a n d  R 4 =  - 0 . 0 0 8 .  ( b )
( 0 , - 1 - )  c o n f i g u r a t i o n ;  uj =  0 . 3 0 ,  R g  =  0 . 1 6 8 ,  7  =  3 . 9 0 ° ,  I x  =  1 1 . 8 3 a  a n d
A  =  0 . 0 0 8 .  ( c )  ( - 5 , - )  ^ h u  c o n f i g u r a t i o n ;  u> =  0 . 2 5 ,  R g  =  0 . 1 6 0 ,  7  =  6 . 1 9 ° ,
I x  =  7 . 2 4 a  a n d  A  =  — 0 . 0 0 2 .  ( d )  ^ ° ^ P d ,  ( - ^ , - )  u h u  c o n f i g u r a t i o n ;  u  =  0 . 2 5 ,
A  =  0 . 1 8 2 ,  7  =  5 . 6 9 ° ,  I x  =  7 . 5 5 a  a n d  A  =  0 . 0 2 1 .  C a l c u l a t i o n  b y  F .  R .  X u  [ 1 4 2 ]
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calculation is 0.168 compared to an experimentally deduced A  deformation (assuming 
axial symmetry) of 0.136(20). The calculated A  deformation is within two standard- 
deviations of the experimentally deduced value, assuming axial symmetry. However, 
the experimentally deduced A  value is closer to the vacuum, 0+, configuration. There­
fore, these lifetime values suggest that the I'  ^ — 12+ state, at =  5418 keV, is a 
one-phonon vibrational state coupled to a near spherical, ( p h r ^  , configuration.
To enhance the understanding of the internal structure of this band, both ad­
vances in experimental data and theoretical calculations are required. From an ex­
perimental stand-point, the B{E2) value and associated A  value of the 7^ =  14+ 
state at E^ =  6020 keV in ®^®Cd are of interest and would allow a comparison of the 
g(Æ2-12+ ^10+) to predictions of various collective models. From a theoretical stand 
point, the main limitation of the current interpretation is due to the assumption that 
the deformation is axial and rigid when the nucleus is cranked.
107 C d
The TRS calculation for the 7^  =  7.24 ^ (corresponding to the 7^ =  y  state at 
Ey; = 1360 keV) in ^°^Cd is shown in bottom-left corner of Figure 5.1. This calculation 
assumes a single neutron coupled to a °^®Cd core and predicts A  and A  defor­
mations of 0.160 and 0.021, respectively. From Moller-Nix mass calculations [143], the 
A  and A  ground state deformations are 0.135 and -0.004, respectively. This implies 
that the hn. neutron configuration in ^°^Cd is predicted to have a larger deformation 
compared with the deformation of the ground state (7 | neutron) configuration. The 
experimentally deduced value of A  =  0.12(1) for the 7^ =  y  state compares to the 
predicted value of 0.160. Figure 5.2 shows a plot of the ratio of B{E2) values (see 
Equation 5.4), versus the spin, 7, of the state. This plot is referred to as a B(E2)-G0S 
plot [84,144].
(5.4)B{E2  : J -  ^  (J -  2 )-)B{E2  : f  -  f -)
Figure 5.2 suggests that from the current values (along with mean-lifetime values of 
higher-spin states, determined by Vishnevskii [145]), that the valence hu  neutron in 
^°^Cd is rotationally-aligned to the core. Interestingly, the rotational coupling picture 
is in contradiction from what has been suggested by Hausser et. al. [141], where the
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6
— U(5) Limit— Rotational Limit— Vibrational Limit■ Ashley et al. (2007)
• Vishinevskii a/. (1991)
5
4o
3
w
PQ 2
1
0 7.5 9.5 11.5 13.5 15.5Spin, I (hbar)
Figure 5.2; B (E 2)-G 0S  plot for ^°^Cd, with the L(5) (black), vibrational (green) 
and rotational (red) limits plotted. The definition of the B { E 2 )  ratio used in this 
figure is outlined in Equation 5.4.
valence hii neutron is interpreted as being vibrationally coupled to the core, outlined 
by the Particle-Vibration Coupling (PVC) model [89]. Prom Table 5.6, the B {E 2 ) 
value of 24(2) W.u. deduced in the current work is significantly smaller than Hausseras 
value of 32(2) W.u.. This lowering of the B {E 2 ) value favours the (PVC) model, as 
outlined in [141].
103 Pd
The TRS calculation for the 1  ^ = 7.55 h (corresponding to the state
at Ex = 1262 keV) in ^°^Pd, is shown in bottom-right corner of Figure 5.1. This 
calculation assumes a single hn neutron coupled to a ^®^ Pd core and yields /?2 and P4  
deformations of 0.182 and -0.002, respectively. From the Moller-Nix mass calculations 
[143], the p 2  and P4  ground state deformations are 0.162 and -0.019, respectively. 
Compared to ^®^ Cd, the valence h\\ neutron configuration yields a larger deformation, 
but interestingly, the difference between deformation at and is greater for ^°^Cd 
than ^°^Pd. The extracted value of the P2  deformation for the state in ^°^Pd is
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0.16(2), which compares well with the predicted deformation from TRS calculations. 
Again, it should be noted that extracted value compares better to the predicted p 2  
deformation of the ground state. The large uncertainty associated with the current 
value means that it is not possible to unambiguously associate the neutron as 
either being rotationally-aligned or vibrationally-coupled to the core in the current 
work.
5.2 .7  A nti-M agn etic  R ota tion  in
The “text-book” picture of a rotational band consists of a series of stretched E2 
transistions associated with purely collective excitations. For nuclei with associated 
ground state quadrupole deformations of p2  > 0.25, these excitations are usually built 
on the ground state. Candidates which show this type of deformation at low spins and 
excitation energies generally lie in the mid-shell regions of the nuclear chart (consistent 
with a maximised value of NpNn in the scheme” , see [146]). Higher-lying
rotational bands, relating to the nucleus being super-deformed may also exist in the 
region of study of this thesis [147,148]. In these cases, the nucleus becomes deformed 
at higher excitation energies and this is due to the particle-hole configuration(s) of the 
valence, unpaired nucleon(s). A comprehensive review of this type of excitation can be 
found in [149].
In the early 1990s, rotational bands were observed in a series of light lead iso­
topes [149]. However, from spin/parity determination of excited states using angular 
correlations, it was found that observed decays consisted of strong intra-band M l  tran­
sitions with weak E 2  ^ intra-band branching transitions (a compilation of these bands 
can be found in Reference [150]). These bands had been predicted by the “Tilted-Axis 
Cranking” model of Frauendorf [151]. This mode of excitation. Magnetic-Rotation 
(MR), involves the generation of angular momentum from the valence nucleons, not 
from the rotational-core, such that the angular momentum component of these nucleons 
becomes aligned towards the rotation-aligned axis.
The phenomenon of Anti-Magnetic Rotation (AMR) was first reported in refer­
ences [152-154], where °^®Cd is earmarked as a possible candidate of AMR. As opposed 
to MR, AMR involves the alignment of configurations of four, or more, valence nude-
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ons. Firstly, the angular momentum components of a pair (or more) valence nucleons 
are maximally aligned to the rotation-aligned axis, of an axially-deformed, rotational 
core. The remaining pair of nucleons, occupy a low-^7 orbital. In contrast to MR, the 
angular-momentum of the nucleus is generated by the core rotating faster for an anti- 
magnetic rotor. The angular-momentum components of the valence nucleons become 
aligned to the deformation-aligned axis. In this sense, the nucleus acts as a antiferro- 
magnet. As these nucleons become aligned to the deformation-aligned axis, the nucleus 
becomes more spherical and therefore one would expect the B[E2) values to decrease.
Figures 5.3 and 5.4 show plots of the B{E2) and associated /?2 values (deduced 
assuming the axially-symmetric rigid-rotor model) versus the spin, / ,  for a series of 
positive parity collective-states in ^^ ®Cd and °^®Cd. The deviation in both B{E2) 
values and P2  values for the positive parity yrast states is small between 12h and 24A 
for both ^°^Cd and ^^^Cd. The B{E2) and associated P2  value for the 7^ =  12+ state in 
°^®Cd (as deduced in this thesis) shows that it is a weakly-deformed collective state built 
upon a decoupled configuration. The small variation in the P2  deformation
differs from the picture outlined by AMR, which suggests that there is a noticeable 
reduction in p 2  deformation.
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F ig u re  5.3: Plot of B { E 2 )  values versus the spin, / ,  of the state for the positive 
parity collective-band in (above) and (below) ^°^Cd. The value presented in the
current work is shown in purple. The red da ta  points are da ta  taken from [152,153]. 
The black da ta  points are da ta  taken from [154]. The blue data: points are da ta  taken 
from [41].
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Figure 5.4: Plot of deduced values (assuming axial symmetry) versus the spin, 
/, of the state for the positive parity collective-band in (above) ^°^Cd and (below) 
°^®Cd. The value presented in the current work is shown in purple. The red data 
points are data taken from [152,153]. The black data points are data taken from [154]. 
The blue data points are data taken from [41].
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Citation r (2+) ps B (B2 : 2+ 0+) (W.u.) P2
Current Work (Section 4.3) 17.0(9) 15.9(9) 0.13(1)
Raman [155] 10.5(1) 25.6(3) 0.16
TRS Calculation (Figure 5.1) 0.14
Table 5.8: Comparison of r  (2]^ "), B{E2) and (3 2  values between measurement of 
the mean-lifetime of the 7^ = 2  ^ state in °^®Cd, directly using the DDCM technique 
and indirectly using Coulomb excitation.
Citation Q(f(2+)
Current Work (Section 4.3) 
Raman [155] 
Raghavan [156]
-0.44(2)
-0.58(1)
-0.28(8)
Table 5.9; Comparison of inferred static quadrupole moments, Qj, for the 7  ^= 2'\( 
state in ^®^ Cd.
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5.3.1 O verview  o f E xp erim en ta l D ed uction
From Section 4.3, a mean-lifetime of 17.0(9) ps was deduced for the 7^ =  2j" —> Of 
state in ^^ ®Cd in the current work. Table 5.8 shows a comparison between the evaluated 
B[E2)'[ values, as seen in [155], to the B{E2)[ values deduced in this work. In addition, 
Table 5.8 shows a comparison between the P2  deformation of the 2f state in ^°^Cd 
(assuming axial symmetry), is compared to that predicted by TRS calculations, shown 
in the upper left corner of Figure 5.1.
The value presented here for the mean-lifetime of the 7^ =  2f state differs sig­
nificantly from that determined using Coulomb excitation (see Table 5.8). Although it 
is possible to speculate on where the differences can arise between the two techniques, 
a modern (and more sophisticated) repeat of a Coulomb excitation experiment is re­
quired. Details of a possible experimental outline for such an experiment are presented 
in Section 6.2.
5 .3  K ô ln  E x p e r im e n t  - T h e  V ib r a t io n a l  N a tu r e  o f  1 #  
106Cd 141
N u c le u s B[E2)\  (e^b^^) % ( b ) M e th o d  a n d  C it a t io n
0 .2 8 1 (4 5 ) 1 .6 8 (2 7 ) R e c o il  D is t .  [1 5 7 ,1 5 8 ]
“ '‘C d 0 .4 1 (1 1 )
0 .3 9 0 (1 4 )
2 .0 1 (2 7 )
1 .9 8 (7 )
R e c o il D is t .  [160] 
R e c o il D is t .  [1 5 7 ,1 5 8 ]
‘“ C d 0 .4 1 0 (2 0 )
0 .3 8 4 (5 )
0 .2 3 6 (1 3 )
2 .0 3 (5 )
1 .9 6 (3 )
1 .5 4 (8 )
A D O P T E D  V A L U E  [155] 
C o u l E x  (x ,x ')  [161] 
R e c o il  D is t .
C u r re n t W o rk  ( S e c t io n  4 .3 )
‘“ C d 0 .4 3 0 (2 0 )
0 .3 9 9 (3 2 )
2 .0 7 9 (4 8 )
2 .0 0 (1 6 )
A D O P T E D  V A L U E  [155] 
R e c o il  D is t .  [41]
“ “C d 0 .4 5 0 (2 0 )
0 .4 6 2 (6 4 )
2 .1 2 6 (4 7 )
2 .1 5 (3 0 )
A D O P T E D  V A L U E  [155] 
R e c o il D is t .  [138]
“ “C d 0 .5 1 0 (2 0 ) 2 .2 6 4 (4 4 ) A D O P T E D  V A L U E  [155]
T ab le  5.10: E x tra c ted  T ran sition  Q u ad ru p o le  M om en ts Qt for th e  7^ =  2 f  s ta te  in  
i02“ ii2 C d , from  C oulom b  E x c ita tio n  an d  th e  R eco il D ista n c e  M eth o d . In  a d d ition , 
th e  a d o p ted  Qt va lu es for (from  R ef. [155]) are a lso  lis ted .
5.3.2 System atics o f th e  Qd(2f) Values in ^^^Cd - A n
In teresting  C onundrum
T h e  e x p e r im e n ta l ly  d e d u c e d  B{E2)  v a lu e s  for  t h e  7^ =  O f —> 2 f  t r a n s it io n  in  
^°2Cd ^^2Q(t a re  p r e s e n te d  in  T a b le  5 .1 0 . T h e s e  B{E2)^  v a lu e s  a re  ta k e n  fr o m  t h e
r e v ie w  in  R ef. [155]. In  a d d it io n , r e c e n t  B(E2)l  v a lu e s  d e d u c e d  for  io2,io4Q^^ fro m  
B o e la e r t  et. al [1 5 7 ,1 5 8 ] , a re  a lso  in c lu d e d .
T h e  B{E2) v a lu e s  h a v e  b e e n  c o n v e r te d  t o  t r a n s it io n  q u a d r u p o le  m o m e n ts ,  Qt 
v a lu e s , b y  u s in g  E q u a t io n  5 .5 . T h e  Qt v a lu e s  a re  c o n v e r te d  t o  s t a t i c  q u a d r u p o le  m o ­
m e n ts , Qd v a lu e s  u s in g  E q u a t io n  5 .6 . F or t h e  e v e n -e v e n  c a d m iu m  is o t o p e s  d is c u s s e d  
h ere , t h e  c o n v e r s io n  is  p e r fo r m e d  w it h  K  = Q a n d  7  =  2. T h e  fo r m a lism  fo r  t h e s e  
e q u a t io n s  h a v e  b e e n  ta k e n  fro m  [159].
B(B2) =  —  
3 V ) - J ( 7  + 1) 
(7 + l)(2/ +  3)
(5.5)
(5.6)
I t  is  in te r e s t in g  t o  n o te  t h a t  t h e  Qa v a lu e s  e x tr a c te d  fro m  t h e  B[E2)  v a lu e  d o  n o t  
c o m p a r e  t o  t h e  v a lu e s  l i s t e d  in  [156] ( s e e  T a b le  5 .1 1 ) .
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N u c le u s Qt  (b ) Q d (b )
(fr o m  a s s o c ia t e d  Qt  v a lu e s )
Qd (b )  ( fr o m  R ef. [156])
™ C d 2 .0 1 (2 7 ) - 0 .5 7 ( 8 ) -
1 .9 8 (7 ) - 0 .5 7 ( 2 ) -
‘“ C d 2 .0 3 (5 )
1 .9 6 (3 )
1 .5 4 (8 )
- 0 .5 8 ( 1 )
- 0 .5 6 ( 1 )
- 0 .4 4 ( 2 )
- 0 .2 8 ( 8 )
‘“ C d 2 .0 7 9 (5 )
2 .0 0 (1 6 )
- 0 .5 9 ( 1 )
- 0 .5 7 ( 5 )
- 0 .4 5 ( 8 )
“ “C d 2 .1 2 6 (5 0 ) - 0 .6 1 ( 1 ) - 0 .4 0 ( 4 )
2 .1 5 (3 0 ) - 0 .6 1 ( 9 ) - 0 .3 9 ( 6 )
- 0 .3 6 ( 8 )
“ % d 2 .2 6 4 (4 0 ) - 0 .6 5 ( 1 ) - 0 .3 7 ( 4 )
- 0 .3 9 ( 8 )
- 0 .3 8 ( 1 1 )
T ab le  5.11: Comparison of transition quadrupole moments and the derived spec­
troscopic quadrupole moments in 104-ii2q ^  to  those published in Ref [156].
5.3.3 P H F B  C alcu lations o f th e  G round S ta te  P rop erties o f  
- A  C om m ent and C onundrum  R egarding Triaxi-
ality
T h e  d e v ia t io n  b e tw e e n  s p e c tr o s c o p ic  q u a d r u p o le  m o m e n ts , p r e s e n te d  in  T a b le  
5 .9 , is  a lso  h ig h lig h te d  in  R e fs . [1 6 2 ,1 6 3 ] . In  t h e s e  p a p e r s , t h e  g r o u n d -s ta te  w a v e fu n c -  
t io n  o f  ^°®Cd h a s  b e e n  c a lc u la te d  u s in g  P r o je c te d  H a r tr e e -F o c k -B o g o liu b o v  (P H F B )  
c a lc u la t io n  [164] a n d  u n d e r  t h e  a s s u m p t io n  o f  a x ia l  sy m m e tr y , t h e  B (E2 : O f —> 2 f )  
v a lu e , Qd ( 2 f  ) v a lu e  a n d  g ( 2 f  ) fa c to r  h a v e  b e e n  c a lc u la te d . H o w ev e r , t h e  a s s u m p ­
t io n  o f  a x ia l  s y m m e tr y  m a y  b e  a  p o o r  o n e , c o n s id e r in g  t h a t  o n e  m a y  n e e d  t o  ta k e  
a c c o u n t  o f  t h e  “e f fe c t iv e  7  d e fo r m a tio n ” (7 e / / )  fo r  t h e  =  2 f  s t a t e ,  e x t r a c te d  u s in g  
Q -in v a r ia n c e s  [165] w h ic h  s u g g e s t s  t h a t  t h e  P  =  2 f  s t a t e  in  h a s  a  7 e / /  o f  ~
2 2 ( 2 )°  a n d  2 5 .8 (- t -3 ,-8 )° , r e sp e c t iv e ly .
T h e  v a lu e  d e d u c e d  in  t h e  c u rr en t w o rk  for  t h e  sp e c tr o s c o p ic  q u a d r u p o le  m o m e n t ,  
Qd is  in  a g r e e m e n t  w it h  t h e  P H F B  t h e o r e t ic a l  p r e d ic t io n , a s  p r e s e n te d  in  T a b le  5 .1 2 .
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R e fe r e n c e B ( f î2 ) T Qd (2 + )
A s h le y  (S e c t io n  4 .3 )  
R a m a n  [155] 
R a g h a v a n  [156] 
S h u k la , R a in a  [1 6 2 ,1 6 3 ]
0 .2 3 6 (1 3 )
0 .3 8 4 (5 )
N / A
0 .3 3 0  <  B ( B 2 ) Î  <  0 .5 2 5
-0 .4 4 ( 2 )
- 0 .5 6 ( 1 )
- 0 .2 8
—0 .5 1 6  <c Qd —0 .5 8 3
Table 5.12: Comparison between the theoretical calculations of Shukla and Raina, 
to  experimentally deduced Q d  values in
Chapter 6
Sum m ary and Future Work
T h e  e x t r a c t io n  o f  n a n o s e c o n d  t o  p ic o s e c o n d  m e a n - li fe t im e s  o f  e x c it e d  n u c le a r  
s t a t e s  in  ^°^Pd a n d  h a s  b e e n  p e r fo r m e d  v ia  tw o  R e c o il  D is t a n c e  D o p p le r -S h if t
( R D D S )  e x p e r im e n ts . T h e  r e s u lts  o f  t h e s e  R D D S  e x p e r im e n ts  ( sh o w n  in  T a b le  6 .1 )  
su g g e s t  t h a t  w e a k ly  d e fo r m e d  s tr u c tu r e s , b a s e d  o n  t h e  o c c u p a t io n  o f  t h e  hi\ n e u tr o n ,  
are  b u ilt  u p o n  m e d iu m -s p in  s t a t e s  in  A ~ 1 0 5  c a d m iu m  a n d  p a lla d iu m  is o to p e s .  C a l­
c u la t e d  q u a d r u p o le  d e fo r m a tio n  p a r a m e te r s  (/?2 v a lu e s ) ,  b a s e d  o n  t h e  T o ta l  R o u th ia n  
S u r fa c e  ( T R S )  fo r m a lism  for sp e c if ic  c o n f ig u r a t io n s  a re  in  g o o d  a g r e e m e n t  w it h  t h e  
a s s o c ia t e d  /?2 v a lu e s  in  ^°^Pd a n d  ^°^Cd, e x t r a c t e d  a s s u m in g  t h e  a x ia l ly - s y m m e tr ic  
r ig id -r o to r  m o d e l.  H o w ev e r , in  ^^'^Cd, t h e  d e v ia t io n  b e tw e e n  t h e  T R S  c a lc u la t io n  
a n d  t h e  e x p e r im e n ta l ly  e x t r a c te d  P2 v a lu e  s u g g e s t s  t h a t  t h e  o d d  is  v ib r a t io n a lly -  
c o u p le d  t o  t h e  co r e . In  a d d it io n , t h e  m e a s u r e m e n t  o f  t h e  B (E2 ; 12'*' —> 1 0 + )  a t  E^ — 
5 4 1 8  k e V  in  ^°^Cd in d ic a te s  t h a t  th e r e  is  a  s m a ll-d e v ia t io n  in  t h e  ^ 2  d e fo r m a tio n  a n d  
t h is  c o l le c t iv e - s tr u c tu r e  is  n o m in a lly  a s s o c ia t e d  w ith  a n t i-m a g n e t ic  r o ta t io n . C o m p a r ­
is o n  o f  t h e  B {E2 : 2 +  —> 0 + )  e x t r a c t e d  fr o m  P r o je c te d  H a r tr e e -F o c k -B o g o liu b o v  are  
a lso  in  g o o d  a g r e e m e n t . H o w ev e r , th e r e  is  p o o r  a g r e e m e n t  b e tw e e n  t h e  a s s o c ia te d  
s p e c tr o s c o p ic  q u a d r u p o le  m o m e n t  fro m  t h e  c u r r e n t w ork  a n d  t h e  e v a lu a te d  r e fe r e n c e  
v a lu e
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Æ  6 .1  g - fa c to r  M e a s u r e m e n ts  o f  t h e  I so m e r ic  S t a t e s  in  
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106Cd 145
N u cleu s 7 7 T % T ( 7 " ) B{E2) (e^fm^) B ( B 2 )  W .u . A
iu«Cd
lOGcd
106 C d
1 1 -
12+
9 -
8 -
2+
4324  k eV  
5418 k eV  
3678  k eV  
3507 keV  
633 k eV
8 .2 (6 ) p s
11 .4 (17 ) p s  
0 .8 9 (2 5 ) n s
1 .7 (6 ) ns  
17 .0 (9 ) p s
885 (76 )
906(135)
682(192)
2372(837 )
472 (26 )
29 .7 (2 5 )
30 .4 (45 )
2 3 (7 )
80(28)
15 .9 (9 )
0 .135 (12 )
0 .136 (20 )
0 .17 (5 )
0 .2 9 (1 0 )
0 .13 (1 )
^07 C d  
lo^Cd
1 5 -
2 1360 keV
2158 keV
31 .4 (1 7 ) ps  
<  4 .3 (6 )  p s
718(39)  
>  587(82)
23 .8 (1 3 )  
>  19 .5 (28)
0 .1 2 (1 )  
>  0 .1 1 (2 )
lOSpd 1262 k eV 31 .2 (4 4 ) p s 1060(150) 37 (5 ) 0 .1 6 (2 )
T a b le  6 .1 :  S u m m ary  o f  resu lts  from  th e  R D D S  ex p er im en ts  p erform ed  at W N S L ,
Y ale an d  IK P , K oln . T h is  co llec ts  th e  I'  ^ =  2+  resu lt w ith  th e  va lu es p resen ted  in  
T ab le  5.1.
6.1 g-factor M easurem ents o f the Isom eric States  
in
F u tu r e  e x p e r im e n ta l w o rk  t o  d e te r m in e  t h e  p -fa c to r  o f  t h e  b a n d h e a d  o f  e a c h  
c o l le c t iv e  b a n d  in  ^°^Cd w o u ld  b e  d e s ir a b le . O n e  c a n  g a u g e  t h e  p u r ity  o f  t h e  s in g le ­
p a r t ic le  w a v e fu n c t io n s  for e a c h  b a n d -h e a d  a n d  t h is  a llo w s  t h e  in te r p r e ta t io n  o f  t h e  
b a n d -h e a d  in  a  s u ita b le  s in g le /q u a s i - p a r t ic le  m o d e l or c o l le c t iv e  m o d e l.  A n y  s ig n if ic a n t  
d e v ia t io n  b e tw e e n  t h e s e  p r e d ic te d  v a lu e s  c a n  a lso  y ie ld  in fo r m a t io n  o n  t h e  n a tu r e  o f  
t h e  d e fo r m a tio n  o f  t h e  b a n d h e a d  s t a t e .  T a b le  6 .2  sh o w s  t h e  s p h e r ic a l s in g le -p a r t ic le  
p -fa c to r s  for o r b ita ls  a r o u n d  t h e  N ,Z  =  5 0  s h e ll  c lo su r e . T a b le  6 .3  sh o w s  t h e  p o s s ib le  
c o n f ig u r a tio n s  s in g le -p a r t ic le  c o n f ig u r a t io n s  o f  t h e  7^ =  8 " , 9 "  a n d  1 0+  s t a te s  in  ^°®Cd 
a n d  th e ir  a s s o c ia t e d  p-factors. B o t h  T a b le s  6 .2  a n d  6 .3  a re  ta k e n  fr o m  [166].
F or t h e  e v e n -A  c a d m iu m  n u c le i, t h e  p -fa c to r  o f  t h e  7^ =  1 0 +  s t a te ,  in  ^^°Cd, 
h a s  b e e n  d e d u c e d  a s  - 0 .0 9 ( 3 )  [137]. F ro m  T a b le  6 .3 , t h e  a s s o c ia t e d  tw o  q u a s i-p a r t ic le  
c o n f ig u r a tio n  is  a  m a x im a lly -a l ig n e d  p a ir  o f  / i n  n e u tr o n s . E x t e n d in g  t h is  m e a su r e m e n t  
t o  t h e  e q u iv a le n t  7^ =  10 +  s t a t e s  in  w o u ld  b e  d e s ir a b le . U n fo r tu n a te ly ,
m e a s u r e m e n t  o f  t h is  s t a t e  ^°®Cd is  h a rd er , a s  t h e  m e a n - li fe t im e  o f  t h e  7^ =  1 0 +  s t a t e  
a t  B x  =  4 8 1 2  k e V  is  n o t  c u r r e n t ly  k n o w n . In  a d d it io n , p - fa c to r  m e a s u r e m e n ts  o f  t h e  
j-K _  g -  g -  jgtates (a t  Ex =  3 5 0 7  k e V  a n d  3 6 7 8  k e V  r e s p e c t iv e ly )  in  ^°®Cd a re  a lso  
d e s ir e d . T h is  is  d u e  t o  t h e  a s s o c ia t e d  d iffe r e n c e s  in  /?2 d e fo r m a tio n  o b ta in e d  fr o m  t h e  
c u r r e n t  l if e t im e  m e a s u r e m e n ts  o f  t h e  7^ =  9 ~  a n d  7^ =  8 “  is o m e r ic  s t a te s .  D iffe r e n c e s  
b e tw e e n  t h e  p r e d ic te d  s p h e r ic a l p-factor fo r  e a c h  s t a t e  w o u ld  e lu c id a te  b o t h  t h e  b a n d -
6.1 g-factor Measurements of the Isomeric States in 146
P a r t ic le O r b ita l 9
P r o to n  (tt) f s /2 + 0 .5 4
P l/2 - 0 .2 3
§ 9 /2 + 1 .2 7
§ 7 /2 + 0 .7 2
d s/2 + 1 .3 8
Sl/2 + 2 .9 0
^ 3 /2 + 1 .3 3
b-ll/2 + 1 .1 7
N e u tr o n  (%/) § 9 /2 -0 .2 4
d s /2 -0 .3 3
§ 7 /2 + 0 .2 1
Sl/2 - 1 .7 6
d s /2 + 0 .4 4
^11/2 -0 .2 1
T ab le  6.2: Single-particle p-factors for orbitals close to Z =  50 and 50 <  N <  82, 
from [166].
r C o n f ig u r a t io n p -fa c to r
8 - ^^11/2 ^ 5 /2 -0 .2 5
^ ^ 1 1 /2 § 7 /2 -0 .0 5 8
^ h i i / 2 § 9 /2 -0 .2 2
'7 rh ii/2 d s /2 + 1 .2 3
77^11/2 §7 /2 + 1 .0 1
9 - ^ h i i / 2 § 7 /2 -0 .0 2 3
^^11/2 §9 /2 -0 .2 2
7 rh i i /2 §7 /2 + 1 .0 0
10 + ^ ^ 1 1 /2 -0 .2 1
7rh^i/2 + 1 .1 7
Table 6.3: List of maximally-aligned, two quasi-particle configurations likely in
°^®Cd with their respective predicted p-factors, for two-particle states with =
8“,9“ and 10+, from [166].
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N u c le u s E x p e r im e n t s ( t  ) C o n fig u r a t io n
T D P A D  [167] -1 .0 4 1 ( 1 1 ) - 0 .1 8 9 (2 ) v h n
T D P A D  [168] - 1 .1 1 ( 2 ) - 0 .2 0 2 ( 4 ) u h n2
‘“ C d S O P /R D A D - 1 .0 9 6 ( 2 )  [169] - 0 .1 9 9 (1 ) u h n2
“ ‘ C d C D  [170] -1 .1 0 5 1 ( 4 ) - 0 .2 0 0 9 ( 1 ) l>hn2
‘“ P d T D P A D  [171] - 1 .0 5 ( 6 ) -0 .1 9 1 ( 1 1 ) v h n--------------- 2-----------
Table 6.4: Measured g-gactors for the yrast 7^ =  ^  states in ^°^Pd and
107-iiCd. W here TDPAD denotes “Time Dependant Perturbed Angular D istribu­
tion” ; SOP/RDAD denotes “Stroboscopic Observation of Perturbed Angular Distri­
bution (Re-evaluated)” and QD denotes “Optical Double Resonance” . Taken from 
the compilation in reference [169].
h e a d  d e fo r m a tio n  a n d  q u a s i-p a r t ic le  c o n f ig u r a tio n .
T h e  p -fa c to r s  a re  o b ta in e d  b y  d e te r m in in g  t h e  n u c le a r  m a g n e t ic  m o m e n t , /u a n d  
u s in g  g  =  / i / 7 .  T a b le  6 .4  l i s t s  t h e  m e a su r e d  p -fa c to r s  for t h e  y r a s t  s t a t e s  in  
1 0 5 ,1 0 7 ,1 0 9 a n d  ^°^Pd. T h e s e  a re  a ll v e r y  c lo s e  t o  t h e  v a lu e  o f  -0 .2 0 ,  in d ic a t iv e  t h a t  
t h e s e  7^ =  y  b a n d h e a d s  c o n s is t  e n t ir e ly  o f  a  p u r e  hn  n e u tr o n  s in g le  p a r t ic le  c o n fig u ­
r a t io n  (s e e  T a b le  6 .2 ) .  T h e  n a tu r e  o f  h o w  t h is  o d d  p a r t ic le  is  c o u p le d  t o  t h e  e v e n -e v e n  
c o r e  is  d is c u s s e d  for ^^"^Cd in  S e c t io n  5 .2 .6 .
6.2 Coulom b E xcitation  o f via Inverse K ine­
m atics
In  S e c t io n  5 .3 , i t  w a s  a p p a r e n t  t h a t  th e r e  w a s  a  s ig n if ic a n t  d is c r e p a n c y  b e tw e e n  
(i) t h e  t r a n s it io n  q u a d r u p o le  m o m e n ts  {Qt) a n d  s p e c tr o s c o p ic  q u a d r u p o le  m o m e n ts  
{Qd) a n d  ( ii)  t h e  a s s o c ia t e d  r  (2 + )  d e d u c e d  fr o m  t h e  D if fe r e n t ia l D e c a y  C u r v e  M e th o d  
p r e s e n te d  in  t h is  th e s is  a n d  fr o m  e a r lie r  C o u lo m b  e x c it a t io n  e x p e r im e n ts .
T o  fo llo w  o n  fr o m  t h e  e x p e r im e n t  p e r fo r m e d  a t  K o ln , it  w o u ld  b e  g o o d  t o  r e p e a t  
t h e s e  C o u lo m b  e x c i t a t io n  m e a s u r e m e n ts  in  in v e r se  k in e m a t ic s , i .e .  u s in g  ^°^Cd a s  
t h e  b e a m  r a th e r  t h a n  t h e  ta r g e t  a s  in  ea r lie r  w o rk s. T h e  r e a so n  for u t i l is in g  in v e r se  
k in e m a t ic s  is  p u r e ly  t o  r e d u c e  t h e  n u m b e r  o f  c o n ta m in a n t  n u c le i fro m  ^°^Cd. ^°®Cd 
is  a lso  a  s ta b le  c a d m iu m  is o t o p e  a n d  w o u ld  b e  e v id e n t  in  a n  e n r ic h e d  ^°®Cd ta r g e t .  
T h e  p r o b le m  t h is  c a u s e s  is  t h a t  t h e  7^ =  2]^ —> 0]^ t r a n s is t io n  e n e r g ie s  for b o t h  ^^®Cd
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a n d  ^°^Cd a re  is o s p e c tr a l id e n t ic a l  e n e r g ie s  ( i.e . — 6 3 3  k e V ) a n d  a  n o n - tr iv ia l  le v e l
c o r r e c t io n  w o u ld  h a v e  t o  b e  a p p lie d . B y  h a v in g  ^^®Cd a s  t h e  b e a m , t h e  m a s s - s e le c t io n  
o f  t h e  a c c e le r a to r  s h o u ld  e r r a d ic a te  a ll  p o s s ib le  c o n ta m in a n ts  fr o m  ^°®Cd. In  a d d it io n ,  
t h e  a c c u r a te  d e te r m in a t io n  o f  t h e  B{E2)  v a lu e s  b e tw e e n  h ig h e r - ly in g  y r a s t  a n d  y r a r e  
tr a n s it io n s  w o u ld  a llo w  d ir e c t  c o m p a r is o n  t o  t h e  E{5) C r it ic a l P o in t  S y m m e tr y  (o f  
w h ic h  ^°^Cd is  a  c a n d id a t e  [87]) a n d  a ls o  t o  Q R P A , a n h a r m o n ic -v ib r a to r  c a lc u la t io n s  
[172] (a n d  r e fe r e n c e s  th e r e in ) .
6.3 System atics of th e Low-Lying States in Light 
Tellurium  Isotopes
T h e  s y s t e m a t ic s  o f  t h e  t in  (Z  =  5 0 ) n u c le i a re  v e r y  m u c h  a  r e se a r c h  t o p ic  o f  o n ­
g o in g  in te r e s t  t o  t h e  n u c le a r  p h y s ic s  c o m m u n ity . D o u b ly -m a g ic  ^®°Sn is  c u r r e n t ly  t h e  
h e a v ie s t  s e lf -c o n ju g a te  n u c le u s  (N  =  Z =  5 0 ) w h ic h  h a s  b e e n  id e n tif ie d . S p e c tr o s c o p y  
h a s  b e e n  p e r fo r m e d  for t h e  lo w - ly in g  e x c it e d  s t a t e s  in  e v e n -e v e n  S n  n u c le i, u p  t o  
a n d  in c lu d in g  ^^^Sn [173]. L ife t im e  m e a s u r e m e n ts  a n d  m e a s u r e m e n ts  o f  t h e  lo w - ly in g  
B{E2) v a lu e s  in  e v e n -e v e n  S n  n u c le i a p p r o a c h in g  a n d  in c lu d in g  ^°^Sn [174] h a v e  a lso  
b e e n  p e r fo r m e d . I n te r e s t in g ly , t h e  B ( 2 + )  e n e r g ie s  a n d  B[E2  : 2 +  0]^) v a lu e s  sh o w s
q u ite  a  c o n tr a s t .  T h e  a p p r o x im a te ly  c o n s t a n t  v a lu e s  o f  t h e  B ( 2 f  ) e n e r g ie s  fro m  ^^°Sn 
d o w n  t o  ^°^Sn, d o e s  n o t  h ig h lig h t  t h e  d e c r e a s e  in  c o l le c t iv ity , fro m  t h e  d e c r e a s in g  
B{E2  : 2 f  ^ 0 + )  v a lu e s .
A  fu r th e r  t e s t  o f  t h e  r o b u s tn e s s  o f  t h e  Z =  5 0  c lo se d  sh e ll , c a n  b e  o b ta in e d  
fr o m  t h e  lo w - ly in g  s y s t e m a t ic s  o f  t h e  c a d m iu m  (Z =  4 8 )  n u c le i. F or t h is  is o to p ic  
c h a in , s p e c tr o s c o p y  h a s  b e e n  p e r fo r m e d  fr o m  ^ ^ C d  [175] d o w n  t o  ^ C d  [176], w it h  
l i f e t im e  m e a s u r e m e n ts  o f  t h e  = 2f  s t a t e  b e in g  p e r fo r m e d  fr o m  ^^^Cd [177] d o w n  t o  
lo^C d [1 5 7 ,1 5 8 ] .
A b o v e  t h e  Z =  5 0  sh e ll , s p e c tr o s c o p y  o f  t h e  lo w - ly in g  e x c it e d  s t a t e s  in  t e l lu r iu m  
(Z  =  5 2 ) i s o t o p e s  h a s  b e e n  p e r fo r m e d  fro m  ^^^Te [178] d o w n  t o  ^^®Te [179]. H o w ev e r , 
in  te r m s  o f  B{E2) v a lu e s , t h e  l ig h t e s t  e v e n -e v e n  te llu r iu m  is o t o p e  m e n t io n e d  w it h  a  
m e a su r e d  B{E2) v a lu e  ( b e tw e e n  t h e  O f a n d  2 +  s t a t e s  or v ic e  v e r sa )  in  t h e  E N S D F  
d a ta b a s e  is  ^^®Te [180]. T h e r e fo r e , a  se r ie s  o f  m e a su r e m e n ts  u s in g  t h e  p lu n g e r  a n d
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C o u lo m b  e x c it a t io n  t e c h n iq u e s  s h o u ld  b e  p e r fo r m e d  t o  fu r th e r  c h a r a c te r is e  t h e  n a tu r e  
o f  t h e  B{E2  : 2 +  —» 0 + )  v a lu e s , c o m p a r e d  w it h  t h e  B ( 2 + )  o f  t h e  lo w - ly in g  t e l lu r iu m  
is o to p e s .
A ppendix A
E xperim entally D educed Intensities  
for the 646 keV, =  11“ —> 9”  
Transition in ^^^Cd
150
151
D is t a n c e lu AIjj Is AIs
N o r m .  
C o  elf.
N o rm .
lu
N o rm .
AIjj
N o r m .
Is
N o r m .
A7g
1 1 /im 4 7 7 3 4 395 3 5 7.899 60.39 4.30 5 0 .0 1 4 .4 3
14/^m 355 30 337 31 6 .3 7 0 55.73 4 .7 1 5 2 .9 0 4.87
18yum 234 28 5 0 7 35 6.765 34.59 4 .1 4 7 4 .9 5 5 .1 7
2 1 7 2 7 529 35 6.904 3 1 .4 3 3 .9 1 76.63 5 .0 7
2 8 /im 3 0 7 34 886 4 6 1 0 .6 4 5 28.84 3.19 83.23 4.32
4 1 /n n 79 24 536 34 5 .6 9 0 13.89 4.22 9 4 .2 1 5.98
56/.im 80 21 508 33 5 .1 5 0 1 5 .5 4 4.08 98.65 6 .4 1
1 2 7 /zm 24 25 863 42 7 .3 7 2 3.26 3.39 1 1 7 .0 6 5 .7 0
330/^ m 39 18 472 31 3 .6 0 6 10.82 4.99 1 3 0 .9 1 8.60
2 0 0 8 /n n 36 1 7 435 28 3.160 11,39 5.38 1 3 7 .6 5 8.86
T ab le  A .l ;  Intensities, and normalised intensities, of the stopped and shifted com­
ponents { lu  and respectively) seen in the forward-shifted gate (referred to as 
(Sum) in Table 4.2), forward-shifted projection of the =  11“ —^ 9~ transition in
D is t a n c e lu AIu Is AZg
N o r m .
C o eff.
N o rm .
lu
N o rm .
AJ[;
N o rm .
Is
N o rm .
A7,g
11/im 448 3 0 452 35 1 1 .8 0 9 37.94 2.54 38.28 2.96
14/^m 333 27 422 33 10.642 31.29 2.54 39.65 3 .1 0
1 8 /zm 269 26 472 3 4 9.920 27.12 2.62 47.58 3.43
23/um 258 26 7 3 3 39 1 2 .0 6 2 21.39 2.16 60.77 3.23
2 8 /im 245 28 8 1 0 43 14.252 1 7 .1 9 . 1.96 56.83 3.02
4 1 /z m 153 22 689 3 7 1 0 .0 3 6 1 5 .2 4 2 .1 9 68.65 3.69
56/zm 75 19 5 8 7 34 9.092 8.25 2.09 64.56 3 .7 4
127/^m 6 7 21 834 41 11.807 5.67 1 .7 8 7 0 .6 4 3.47
3 3 0 /im 48 17 482 31 6 .5 5 9 7.32 2.59 73.49 4 .7 3
2 008 /^ m 35 15 4 2 1 29 5.930 5.90 2.53 70.99 4.89
Table A.2: Intensities, and normalised intensities, of the stopped and shifted com­
ponents {lu  and / 5 , respectively) seen in the forward-shifted gate (referred to as (1)
in Table 4.2), backward-shifted projection of the = 11“ —f 9“ transition in °^®Cd.
152
D is t a n c e lu Is A 7 g
N o r m .
C o eff.
N o rm .
lu
N o r m .
A 7 [;
N o rm .
Is
N o rm .
A 7 g
ll/am 3 7 4 2 8 3 2 6 3 4 1 1 .8 0 9 3 1 .6 7 2 .3 7 2 7 .6 1 2 .8 8
3 2 8 2 6 3 7 0 3 2 1 0 .6 4 2 3 0 .8 2 2 .4 4 3 4 .7 7 3 .0 1
ISjim 2 2 6 2 4 33 1 3 2 9 .9 2 0 2 2 .7 8 2 .4 2 3 3 .3 7 3 .2 3
23ywm 2 2 0 2 5 6 2 4 3 6 1 2 .0 6 2 1 8 .2 4 2 .0 7 4 3 .4 4 2 .9 8
28/j,m 2 3 2 2 7 6 5 4 41 1 4 .2 5 2 1 6 .2 8 1 .8 9 4 5 .8 9 2 .8 8
4 1 /im 103 2 0 5 0 6 3 5 1 0 .0 3 6 1 0 .2 6 1 .9 9 5 0 .4 2 3 .4 9
5 6 //m 6 3 18 5 5 2 3 4 9 .0 9 2 6 .9 3 1 .9 8 6 0 .7 1 3 .7 4
127yum 51 2 0 8 3 0 41 1 1 .8 0 7 4 .3 2 1 .6 9 7 0 .3 0 3 .4 7
330/^ m 3 4 16 4 1 2 3 0 6 .5 5 9 5 .1 8 2 .4 4 6 2 .8 2 4 .5 7
2 0 0 8 /im 6 4 16 3 5 7 2 8 5 .9 3 0 1 0 .7 9 2 .7 0 6 0 .2 0 4 .7 2
T ab le  A  3: Intensities, and normalised intensities, of the  stopped and shifted com­
ponents { lu  and Ig, respectively) seen in the forward-shifted gate (referred to as (2) 
in Table 4.2), backward-shifted projection of the  =  11“  —> 9“  transition in ^^®Cd.
A ppendix B
E xperim entally D educed Intensities 
for the 602 keV, =  12+  10+
Transition in ^^^Cd
153
164
Distance lu Is
N o r m .
Coe&
N o rm .
lu
N o r m .
AIu
N o r m .
Is
N o r m .
A7^
llfj,m 2 0 5 30 238 3 2 1 8^99 2&95 3.80 30.13 4 .0 5
14)LAm 1 8 9 26 2 1 4 28 6.370 2&67 4.08 33.59 4.40
1 8 /im 113 26 243 3 0 6 .7 6 5 1 6 .7 0 &84 35^% 4 .4 3
2Sfim 93 26 299 31 6.903 1 3 .4 7 3 .7 7 4 3 .3 1 4.49
2 8 /im 79 32 416 39 10.646 7.42 3 .0 1 39.08 3.66
41 /xm 63 23 291 30 5.690 1 1 .0 7 4 .0 4 5 1 .1 5 5.27
56 /xm 1 1 8 23 3 0 1 29 5 .1 5 0 2&91 4.47 58J^ 5.63
127/^m 2 7 2 7 418 35 7 .3 7 2 3.66 3 .6 6 5 6 .7 0 4 .7 5
3 3 0 /im -7 18 1 6 4 23 3.606 -1.94 4.99 45.48 &38
2 0 0 8 ^ m - 1 2 17 1 5 0 23 3 .1 6 0 -&80 &38 4 7 .4 7 7^8
T a b le  B . l :  Intensities, and normalised intensities, of the stopped and shifted com­
ponents (/{/ and I s  y respectively) seen in the forward-shifted gate, forward-shifted 
projection of the I'^ =  12+ —» 10+ transition in
Distance lu A7[/ Is A/^
N o r m .
Coeff.
N o r m .
lu
N o r m .
AIu
N o r m .
Is
N o r m .
A7g
11/um 2 7 2 32 361 40 1 1 .8 0 9 23.03 2 .7 1 3 0 .5 7 3.39
1 4 /im 298 30 3 7 6 3 7 1 0 .6 4 2 2&00 2.82 3 5 .3 3 3.48
18/zm 1 8 7 29 467 38 9.920 18.85 292 4T08 3.83
2 3 /im 2 1 2 31 469 40 1 2 .0 6 2 17.58 Z57 3&88 3.32
28/^m 207 33 7 0 2 46 14.252 1 4 .5 2 2.32 4&26 3.23
41/Lim 10 5 26 525 38 10.036 1 0 .4 6 2.59 52.31 3.79
5 6 //m 18 23 506 3 7 9 .0 9 1 1.98 2.53 55.65 4 .0 7
1 2 7 ^ m 10 26 683 42 1 1 .8 0 7 0 .8 5 2 .2 0 5 7 .8 5 &56
3 3 0 //m 3 0 20 3 0 5 31 6.559 4.57 3 .0 5 4 6 .5 0 4 .7 3
2 008 /^ m 4 0 2 0 3 5 1 31 5 .9 3 0 6.75 3.37 59T9 5 .2 3
Table B.2: Intensities, and normalised intensities, of the stopped and shifted com­
ponents (/[/ and I s  y respectively) seen in the forward-shifted gate, backward-shifted
projection of the = 12+ —> 10+ transition in
155
D is ta n c e lu AIu Is
N o r m .
C o eff.
N o rm .
lu
N o r m .
A 7 [/
N o r m .
Is
N o r m .
A 7 g
11/im 2 1 9 26 2 8 8 31 8 .3 4 8 2 6 .2 4 3 .1 1 3 4 .5 0 3 .7 1
lAfim 2 0 4 2 4 3 2 6 2 9 8 .3 2 9 2 4 .4 9 2 .8 8 3 9 .1 4 3 .4 8
ISfim 1 6 4 22 2 7 7 2 7 7 .2 1 0 2 2 .7 5 3 .0 5 3 8 J 2 3 .7 5
2 3 /im 1 0 0 2 3 4 1 2 3 2 9 .5 9 2 1 0 .4 2 2 .4 0 4 2 9 5 2 3 4
2 8 /im 148 2 4 4 4 1 3 4 & 6 6 2 1 5 .3 2 2 .4 8 4 5 .6 4 3 .5 2
4 1 /im 9 2 21 5 2 6 3 4 ^ 9 2 4 1 1 .6 1 2 .6 5 5 0 .8 6 3 .9 1
56 /xm 31 19 4 3 4 3 0 7 .3 2 2 4 .2 3 2 .5 9 5 9 .2 7 4 .1 0
127jum 4 6 21 5 2 6 3 4 8 .8 5 0 & 2 0 2 .3 7 5 9 .4 3 3 .8 4
330 /u m 4 3 17 2 7 0 2 5 5 .2 6 8 8 T 6 3 .2 3 5 L 2 5 4 .7 5
2 0 0 8 //m -1 0 15 3 3 0 2 6 /L 8 8 7 -2 .0 5 3 .0 7 6 7 .5 3 5 .3 2
T a b le  B .3 :  In ten sities , an d  n orm alised  in te n s ities , o f  th e  s to p p e d  an d  sh ifted  com ­
p o n e n ts  {lu an d  Is, re sp ec tiv e ly ) seen  in  th e  b ack w ard -sh ifted  g a te , b ack w ard -sh ifted  
p ro jectio n  o f  th e  H  =  12+  —> 10+  tra n sitio n  in  ^^®Cd.
A ppendix C
E xperim entally D educed Intensities  
for the 269 keV, 7  ^ =  9“  7”
Transition in *^^ C^d
156
157
D is t a n c e lu A 7 [/ Is A 7 g
N o r m .
C o eff.
N o rm .
lu
N o rm .
AIu
N o r m .
Is
N o rm .
A 7 g
330/^ m 2 2 6 30 9 8 2 8 3 .6 0 6 6 2 .6 8 & 3 2 2 7 T 8 2 7 7
2008/Lim 31 2 4 2 4 0 3 0 3 .1 6 0 9 .8 1 7 .5 9 7 5 .9 5 9 .4 9
Table C.l: In ten sities , an d  n orm alised  in ten s ities , o f th e  sto p p ed  an d  sh ifted  com ­
p o n e n ts  {Ju and  Is, re sp ec tiv e ly ) seen  in  th e  forw ard -sh ifted  g a te , forw ard -sh ifted  
p ro jectio n  o f th e  I^ = 9~ 7~ tra n sitio n  in  ^°®Cd.
D is t a n c e lu AIu Is A 7 g
N o rm .
C o eff.
N o rm .
lu
N o rm .
A 7 y
N o rm .
Is
N o rm .
A 7 ^
3 3 0 /z m 3 7 5 3 6 9 4 33 & 3 8 7 5 & 7 1 5 .6 4 1 4 .7 2 5 .1 7
2 0 0 8 /im 15 5 32 2 9 4 3 6 5 .6 4 7 2 2 4 5 & 6 7 5 2 ^ ^ 6 .3 7
Table C.2: In ten sities , an d  n orm alised  in ten s ities , o f  th e  sto p p ed  an d  sh ifted  com ­
p o n e n ts  {Ju and I s ,  resp ec tiv e ly ) seen  in  th e  b ack w ard-sh ifted  ga te , forw ard -sh ifted  
p ro jectio n  o f  th e  =  9 “  —  ^ 7 “  tra n sitio n  in  ^^®Cd.
D is t a n c e lu AIu Is A 7 g
N o r m .
C o eff.
N o rm .
lu
N o r m .
AIu
N o rm .
75
N o rm .
A 7 f
330f^m 3 8 8 3 2 1 5 9 2 8 6 .5 5 9 5 9 .1 6 4 .8 8 2 4 .2 4 4 .2 7
2 0 0 8 ^ m 100 25 4 6 0 3 4 5 .9 3 0 1 6 .8 6 4 .2 2 7 2 5 7 & 2 3
Table C.3: In ten sities , an d  n orm alised  in ten s ities , o f  th e  s to p p e d  an d  sh ifted  com ­
p o n en ts  Ju  an d  Is ,  resp ec tiv e ly ) seen  in  th e  forw ard -sh ifted  g a te , b ack w ard-sh ifted  
p ro jectio n  o f th e  7'  ^ =  9 ~  —> 7 “  tra n sitio n  in  ^°®Cd.
D is t a n c e lu AIu Is A 7 g
N o rm .
C o eff.
N o rm .
lu
N o r m .
A 7 y
N o rm .
Is
N o rm .
A 7 g
330jUm 2 5 7 2 7 1 1 9 2 5 5 .2 6 8 4 8 .7 8 5 T 3 2 2 .5 9 4 .7 5
2008A im 9 8 2 3 2 9 5 29 4 .8 8 7 2 0 .0 5 4 .7 1 6 0 .3 6 5 .9 3
Table C.4: Intensities, and normalised intensities, of the stopped and shifted com­
ponents J u  and I s , respectively) seen in the backward-shifted gate, backward-shifted
projection of the I"  ^ = 9~ 7~ transition in ‘^^ ®Cd.
A ppendix D
E xperim entally D educed Intensities  
for the 188 keV, =  8~  — ^  6 “  
Transition in ^^^Cd
158
159
D is t a n c e lu A 7 [/ Is A 7 g
N o r m .
C o eff.
N o rm .
lu
N o r m .
AIu
N o r m .
Is
N o r m .
A 7 s
3 3 0 /im 5 4 3 53 10 4 9 3 .6 0 5 1 5 0 .0 6 1 4 .7 2 .7 7 1 3 .5 9
2 0 0 8 /x m 1 5 8 4 9 2 9 1 5 2 3 .1 6 0 5 0 .0 0 1 5 .5 1 9 & 0 8 1 6 .4 5
Table D .l: In ten sities , and  n orm alised  in ten s ities , o f th e  s to p p ed  an d  sh ifted  com ­
p o n e n ts  J u  an d  Is, re sp ec tiv e ly ) seen  in  th e  forw ard -sh ifted  g a te , forw ard -sh ifted  
p ro jec tio n  o f  th e  I'  ^= S~ 6 “  tra n sit io n  in  ^°®Cd.
D is t a n c e lu A 7 [/ Is A 7 g
N o r m .
C o eff.
N o rm .
lu
N o r m .
A 7 y
N o rm .
Is
N o r m .
A 7 g
3 3 0 /im 6 3 7 59 9 3 5 6 6 .3 8 7 9& T 3 & 2 4 1 4 .5 6 8 .7 7
2008yLim 2 0 6 5 7 4 7 1 61 5 .6 4 7 3 f f4 8 1 0 .0 9 8 & 4 0 1 0 .8 0
Table D.2; In ten sities , a n d  n orm alised  in te n s ities , o f th e  sto p p ed  an d  sh ifted  com ­
p o n e n ts  Ju  an d  Is, re sp ec tiv e ly ) seen  in  th e  b adcw ard -sh ifted  g a te , forw ard -sh ifted  
p ro jectio n  o f th e  7^ =  8"  —» 6 “  tra n sit io n  in  ^^®Cd.
D is t a n c e lu AIu 75 A 7 ^
N o r m .
C o eff.
N o r m .
lu
N o r m .
AIu
N o r m .
Is
N o r m .
A 7 g
330 /^ m 6 4 9 61 4 4 5 6 6 .5 5 9 9 8 .9 6 9 .3 0 6 .7 1 8 .5 4
2008 /^ m 3 5 2 5 7 1 4 7 5 8 5 .9 3 0 5 9 .3 6 9 .6 1 2 4 J 9 9 .7 8
Table D.3: In ten sities , an d  n orm alised  in ten s ities , o f  th e  sto p p ed  an d  sh ifted  com ­
p o n e n ts  Ju  an d  Is, re sp ec tiv e ly ) seen  in  th e  forw ard -sh ifted  g a te , b ack w ard -sh ifted  
p ro jectio n  o f  th e  7^  ^ =  8 “  —> 6 “  tra n sit io n  in  ^^®Cd.
D is t a n c e lu A 7 [/ Is A 7 g
N o r m .
C o eff.
N o rm .
lu
N o r m .
A 7 [ /
N o r m .
Is
N o r m .
A 7 g
3 3 0 /im 5 6 4 51 -5 2 4 5 5 .2 6 8 1 0 7 .0 6 9 .6 8 - 9 .8 7 8 .5 4
2 0 0 8 /im 151 4 6 2 9 4 4 9 4 .8 8 7 3 0 .9 0 9 .4 1 6 0 .1 6 1 0 .0 3
Table D.4; Intensities, and normalised intensities, of the stopped and shifted com­
ponents J u  and Is , respectively) seen in the backward-shifted gate, backward-shifted
projection of the 7^  = 8" —> 6“ transition in °^®Cd.
A ppendix E
E xperim entally D educed Intensities  
for the 515 keV, ^  T  
Transition in ^^^Cd
160
161
D is t a n c e lu Is A 7 g
N o rm .
C o eff.
N o rm .
lu
N o r m .
AIu
N o r m .
Is
N o rm .
A 7 g
l l / a m 1 0 6 3 5 0 17 2 3 5 6 9 .1 7 3 1 5 .3 7 0 .7 2 & 4 9 0 .5 1
14/^m 8 3 6 4 5 17 6 32 5 7 .7 2 2 1 4 ^ 8 0 .7 8 3 .0 5 0 .5 5
18/j,m 1 0 5 7 4 8 19 5 3 4 6 6 .6 0 5 1 5 .8 7 0 .7 2 2 .9 3 0 .5 1
2 3 /im 1 1 3 8 50 3 1 5 3 8 7 3 .5 0 1 1 5J& 0 .6 8 A 2 9 0 .5 2
2 8  jam 1 611 6 0 5 5 4 4 8 1 1 1 .3 0 8 1 4 J ^ 0 .5 4 4 .9 8 0 .4 3
41  jam 8 7 1 4 5 5 8 5 41 6 8 T 7 5 1 2 .7 8 0 .6 6 8 .5 8 0 .6 0
56jam 6 7 4 41 6 4 9 41 6 4 .5 1 9 1 0 .4 5 0 .6 4 1 0 .0 6 0 .6 4
127/^ m 5 3 9 4 3 1 6 0 5 5 8 1 0 2 .6 4 5 5 .2 5 0 .4 2 1 5 .6 4 0 .5 7
330jam 102 2 7 1 0 1 2 4 5 5 4 .9 2 7 1 .8 6 0 .4 9 1 8 .4 2 0 .8 2
2 008jam 6 8 25 9 0 1 4 2 4 9 .3 3 8 1 .3 8 0 .5 1 1 8 .2 6 0 .8 5
T a b l e  E . l :  I n t e n s i t i e s ,  a n d  n o r m a l i s e d  i n t e n s i t i e s ,  o f  t h e  s t o p p e d  a n d  s h i f t e d  c o m ­
p o n e n t s  J u  a n d  I s ,  r e s p e c t i v e l y )  s e e n  i n  t h e  f o r w a r d - s h i f t e d  g a t e ,  f o r w a r d - s h i f t e d  
p r o j e c t i o n  o f  t h e  ^  T  t r a n s i t i o n  i n  ^ ^ ^ C d .
D is t a n c e lu AIu Is A f g
N o r m .
C o eff.
N o rm .
lu
N o rm .
AIu
N o rm .
Is
N o r m .
A 7 g
l l j a m 4 9 9 2 6 126 19 5 .4 9 3 5 9 0 .8 3 4 .7 3 2 2 .9 4 3 .4 6
14jam 4 9 5 2 5 1 7 6 18 5 .6 0 0 0 8 & 3 9 4 .4 6 3 1 .4 3 3 .2 1
18 jam 4 9 3 2 6 1 5 0 19 6 .1 0 0 1 8 0 .8 2 4 .2 6 2 A 5 9 3 .1 1
23jam 5 4 0 2 8 2 6 9 2 4 '^ 9 9 8 6 6 T 5 1 3 .5 0 3 3 .6 3 3 .0 0
28jam 7 0 6 32 3 4 2 2 7 9 .8 9 8 2 7 1 .3 3 3 .2 3 & L 55 2 .7 3
41jam 4 5 1 2 7 3 8 9 26 8 .2 2 1 1 5 4 .8 6 3 .2 8 4 7 .3 2 3 T 6
56^am 3 2 5 2 4 4 1 5 2 7 8 .0 4 8 3 4 0 .3 8 2 9 8 5 1 .5 6 3 .3 5
127jam 156 2 3 9 5 3 3 7 1 2 .2 5 2 4 1 2 J 3 1 .8 8 7 7 .7 8 3 .0 2
3 3 0 jam 33 15 6 2 2 30 7 .3 9 1 5 4 .4 6 2 .0 3 8 4 T 5 A 0 6
2 0 0 8 /im 58 16 6 4 2 30 6 .8 1 8 1 8 .5 1 2 .3 5 9 4 .1 6 4 .4 0
Table E.2: Intensities, and normalised intensities, of the stopped and shifted com­
ponents J u  and I s , respectively) seen in the backward-shifted gate (denoted by
Table 4.6), forward-shifted projection of the I'^ = transition in °^^ Cd.
162
D is ta n c e lu AIu Is A 7 g
N o r m .
C o eff.
N o r m .
lu
N o r m .
AIu
N o r m .
Is
N o r m .
A 7 g
lly a m 5 4 6 2 6 1 1 4 17 5.4& 35 9 9 .3 9 4 .7 3 2 0 .7 5 2 0 9
1 4 /im 5 3 0 2 6 11 8 17 5 .6 0 0 0 9 4 .6 4 4 .6 4 2 1 .0 7 3 .0 4
1 8 /im 5 3 2 2 6 17 3 19 6 .1 0 0 1 8 7 .2 1 4 .2 6 2 8 .3 6 3 .1 1
2 3 /im 6 6 0 3 0 3 2 3 2 4 ^ 9 9 8 6 8 2 5 1 3 .7 5 4 0 .3 8 3 .0 0
2 8 /im 7 9 4 3 2 3 7 0 2 6 9 .8 9 8 2 8 0 .2 2 3 .2 3 3 7 .3 8 2 .6 3
4 1 /im 4 9 8 2 7 3 3 0 2 5 8 .2 2 1 1 6 0 .5 8 3 .2 8 4 0 .1 4 3 .0 4
5 6 /im 3 9 2 25 4 7 0 2 7 8 .0 4 8 3 4 & 7 1 3 .1 1 58JW 2 3 5
1 2 7 /im 2 3 5 2 4 1 1 5 7 3 9 1 2 .2 5 2 4 1 9 .1 8 1 .9 6 9 4 .4 3 3 T 8
3 3 0 j im 3 13 7 1 5 31 ^ 3 9 1 5 0 .4 1 1 .7 6 9 6 .7 3 4 .1 9
2 0 0 8 /im 3 7 15 7 2 5 31 & 8 1 8 1 5 .4 3 2 .2 0 1 0 6 .3 3 4 .5 5
T a b l e  E . 3 ;  I n t e n s i t i e s ,  a n d  n o r m a l i s e d  i n t e n s i t i e s ,  o f  t h e  s t o p p e d  a n d  s h i f t e d  c o m ­
p o n e n t s  J u  a n d  I s ,  r e s p e c t i v e l y )  s e e n  i n  t h e  b a c k w a r d - s h i f t e d  g a t e  ( d e n o t e d  b y  ( 2 )  
i n  T a b l e  4 . 6 ) ,  f o r w a r d - s h i f t e d  p r o j e c t i o n  o f  t h e  I^ = ^  t r a n s i t i o n  i n  ^ ° ^ C d .
D is t a n c e lu A 7 [; Is A f g
N o r m .
C o eff.
N o rm .
lu
N o r m .
A T y
N o rm .
Is
N o rm .
A 7 g
lljU m 4 6 4 2 4 55 14 5 .4 9 3 5 8 4 .4 6 4 .3 7 1 0 .0 1 2 .5 5
1 4 /im 4 6 4 2 4 8 9 16 5 .6 0 0 0 8 Z 8 6 4 .2 9 1 5 .8 9 & 8 6
1 8 /im 5 1 0 25 1 6 7 17 6 .1 0 0 1 8 & 6 1 4 .1 0 2 7 .3 8 2 J 9
2 3 /im 5 9 2 2 8 2 8 3 23 7 .9 9 8 6 7 4 .0 1 3 .5 0 3 5 ^ # 2 .8 8
2 8 /im 6 8 4 30 2 9 4 2 4 9 .8 9 8 2 6 9 .1 0 3 .0 3 2 & 7 0 2 4 2
4 1 /im 4 8 4 2 6 36 1 2 4 8 .2 2 1 1 5 8 .8 7 3 .1 6 4 3 .9 1 2 .9 2
5 6 /im 3 8 8 2 4 28 1 2 4 8 .0 4 8 3 4 & 2 1 & 9 8 3 4 ^ 1 2 .9 8
1 2 7 /im 241 2 3 9 5 1 3 6 1 2 .2 5 2 4 1 9 .6 7 1 .8 8 7 7 ^ 2 2 .9 4
3 3 0 /im 18 13 7 0 2 30 7 .3 9 1 5 2 .4 4 1 .7 6 & 1 9 7 4 .0 6
2 0 0 8 /im 15 13 70 1 3 0 (1 8 1 8 1 2 .2 0 1 .9 1 1 0 2 .8 1 4 .4 0
T a b l e  E . 4 :  I n t e n s i t i e s ,  a n d  n o r m a l i s e d  i n t e n s i t i e s ,  o f  t h e  s t o p p e d  a n d  s h i f t e d  c o m ­
p o n e n t s  J u  a n d  I s ,  r e s p e c t i v e l y )  s e e n  i n  t h e  b a c k w a r d - s h i f t e d  g a t e  ( d e n o t e d  b y  ( 3 )
in Table 4.6), forward-shifted projection of the I'^ = W 11 -2 transition in °^^ Cd.
163
D is t a n c e lu AIu Is A 7 g
N o r m .
C o eff.
N o rm .
lu
N o r m .
AIu
N o rm .
Is
N o r m .
AIs
1 1 /im 2 8 2 18 7 8 12 5XW 35 5 1 .3 3 3 .2 8 1 4 .2 0 2 T 8
1 4 /im 2 7 5 19 75 13 5 .6 0 0 0 4 9 .1 1 3 .3 9 1 3 .3 9 2 .3 2
1 8 /im 3 5 5 20 1 4 4 14 6 .1 0 0 1 5 & 2 0 3 .2 8 2 3 .6 1 2 3 0
2 3 /im 3 8 6 2 2 1 2 7 17 7 .9 9 8 6 4 8 .2 6 2 .7 5 1 5 j& 2 .1 3
2 8 /im 4 5 5 2 4 1 3 8 19 9 .8 9 8 2 4 & 9 7 2 .4 2 1 3 .9 4 1 .9 2
4 1 /im 3 7 2 22 2 0 6 19 8 .2 2 1 1 4 & 2 5 2 .6 8 2 5 T # 2 .3 1
5 6 /im 3 1 3 20 3 1 3 20 8 .0 4 8 3 3 8 .8 9 2 .4 8 3 & 8 9 2 .4 8
1 2 7 /im 1 5 2 19 7 1 6 32 1 2 .2 5 2 4 1 2 .4 1 1 .5 5 5 & 4 4 2 .6 1
3 3 0 /im 22 10 5 5 5 2 6 7 .3 9 1 5 2 .9 8 1 .3 5 7 5 T 9 3 .5 2
2 0 0 8 /im 2 6 11 5 2 2 25 6 .8 1 8 1 3 .8 1 1 .6 1 7 & 5 6 3 .6 7
T a b le  E . 5 :  I n t e n s i t i e s ,  a n d  n o r m a l i s e d  i n t e n s i t i e s ,  o f  t h e  s t o p p e d  a n d  s h i f t e d  c o m ­
p o n e n t s  J u  a n d  I s ,  r e s p e c t i v e l y )  s e e n  i n  t h e  b a c k w a r d - s h i f t e d  g a t e  ( d e n o t e d  b y  ( 4 )  
i n  T a b l e  4 . 6 ) ,  f o r w a r d - s h i f t e d  p r o j e c t i o n  o f  t h e  t r a n s i t i o n  i n  ^ ° ’^ C d .
A ppendix F
E xperim entally D educed Intensities  
for the 798 keV, ^  T  
Transition in ^^ ®Cd
164
165
D is t a n c e lu AIu Is A 7 g
N o r m .
C o eff.
N o r m .
lu
N o rm .
A 7 ^
N o r m .
Is
N o rm .
A 7 g
1 1 /im 8 3 19 175 2 2 6 .9 1 7 3 1 2 .0 0 2 .7 5 2 5 .3 0 3 T 8
14jam 3 9 16 1 4 8 2 0 5 .7 7 2 2 6 .7 6 2 .7 7 2 & 6 4 3 .4 6
18/^m 4 8 16 162 21 6 .6 6 0 5 7 .2 1 2 .4 0 2 1 3 2 3 .1 5
23/.im 28 16 2 4 9 2 3 7 .3 5 0 1 3 .8 1 2 T 8 3 2 8 8 3 .1 3
2 8  jam 9 2 2 0 3 4 2 2 8 1 1 .1 3 0 8 8 .2 7 1 .8 0 3 0 .7 3 2 .5 2
4 1 /z m 6 3 15 2 3 7 2 2 (1 8 1 7 5 9 .2 4 2 .2 0 3 4 ^ ^ 3 .2 3
56jam 2 7 13 2 5 1 2 3 6 .4 5 1 9 4 .1 8 2 ,0 1 38^W 3 .5 6
127jam 8 8 16 3 8 7 2 7 1 0 .2 6 4 5 8 .5 7 1 .5 6 3 7 .7 0 2 .6 3
330jam 22 11 1 7 2 18 5 .4 9 2 7 4 .0 1 2 0 0 3 1 .3 1 3 .2 8
2 0 08jam 0 20 21 1 19 /L 9 3 3 8 0 .0 0 4 .0 5 4 2 .7 7 3 .8 5
T a b l e  F . l :  I n t e n s i t i e s ,  a n d  n o r m a l i s e d  i n t e n s i t i e s ,  o f  t h e  s t o p p e d  a n d  s h i f t e d  c o m ­
p o n e n t s  J u  a n d  I s ,  r e s p e c t i v e l y )  s e e n  i n  t h e  f o r w a r d - s h i f t e d  g a t e ,  f o r w a r d - s h i f t e d  
p r o j e c t i o n  o f  t h e  I^  =  ^ ^  t r a n s i t i o n  i n
D is t a n c e lu AIu Is A / g
N o r m .
C o eff.
N o r m .
lu
N o r m .
A 7 y
N o r m .
Is
N o r m .
A 7 g
l l j a m 132 2 2 3 0 6 62 6 .9 1 7 3 1 9 .0 8 3 T 8 4 4 .2 4 8 .9 6
14jam 1 1 9 21 3 0 0 25 5 .7 7 2 2 2 0 .6 2 3 .6 4 5 1 .9 7 4 .3 3
18jam 6 5 19 3 2 6 2 6 6 .6 6 0 5 9 .7 6 & 8 5 4 8 .9 5 3 .9 0
2 3  jam 6 6 2 0 4 2 3 2 9 7 .3 5 0 1 8 .9 8 2 .7 2 5 7 .5 5 3 .9 5
28 /am 6 7 2 2 4 9 1 31 1 1 .1 3 0 8 f f0 2 1 .9 8 4 4 .1 1 2 .7 9
41 /am 4 3 18 4 3 4 2 9 6 .8 1 7 5 6 .3 1 2 .6 4 6 & 6 6 4 .2 5
56jam 6 0 17 3 9 2 2 8 (1 4 5 1 9 9 .3 0 2 .6 3 1 0 5 .0 9 2 .6 3
127 /am 1 17 6 7 8 17 1 0 .2 6 4 5 0 .1 0 1 .6 6 6 6 .0 5 1 .6 6
330/^ m 2 6 13 3 3 4 25 5 A 9 2 7 4 .7 3 2 .3 7 6 & 8 1 4 .5 5
2008jam -3 13 3 0 0 2 4 4 .9 3 3 8 -0 .6 1 2 .6 3 6 0 .8 1 4 .8 6
T a b l e  F . 2 :  I n t e n s i t i e s ,  a n d  n o r m a l i s e d  i n t e n s i t i e s ,  o f  t h e  s t o p p e d  a n d  s h i f t e d  c o m ­
p o n e n t s  J u  a n d  Is ,  r e s p e c t i v e l y )  s e e n  i n  t h e  f o r w a r d - s h i f t e d  g a t e ,  b a c k w a r d - s h i f t e d  
p r o j e c t i o n  o f  t h e  I'  ^ — ^  t r a n s i t i o n  i n  ^ ^ ^ C d .
A ppendix G
E xperim entally D educed Intensities
for the 477 keV, I
Transition in ^^^Pd
7T _  15 , 1 1»
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|a”LOCOCO 1—! CO rH(M r -c oCO CO COO )CO 8CO1— 4LO 1—40 5
I - CMOLO §r— i r HCM 1—4CO §CMO iÉ Os p1— 40 0 gtH
r H
CO
lO LO
0 0  
I—1 8 CO0 5
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c 6CO
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r H
g s
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t sCO
g 2
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LO0 5
CMLO
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§ LOo
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tH
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rH i 1i i !>-LOCO SCO
< T—1CO -^--1CO COCO COCO rHCO r-CM 1—4CM 0 51— 4
111s gCO 1—4 0 5CO 0 0
1s 1r-Hr —4 1t-H 11—< 1COCM 1 11—4 11CM1—4 1COCO 1g
T a b le  G . l :  In ten sities , an d  n orm alised  in ten s ities , o f  th e  sto p p ed  an d  sh ifted  com ­
p o n en ts  Ju  and  Is, re sp ec tiv e ly ) seen  in  th e  forw ard -sh ifted  g a te , b ack w ard -sh ifted  
p ro jectio n  o f  th e  = 15'2 ÿ  tra n sitio n  in  ^°^Pd.
A ppendix H
E xperim entally D educed Intensities  
for the 633 keV, =  2 ^  0^ "
Transition in ^^ ®Cd
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Distance Is A7g lu
Norm.
Coeff.
Norm.
Is
Norm.
ATg
Norm.
lu
Norm.
A/c;
3/im 15 46 92 12 2.091 7.17 22.00 44.00 5.74
4/am 140 14 529 27 8.93 15.68 1.57 59.25 3.02
6/am 190 17 802 34 13.51 14.06 1.26 59.35 2.52
7.5/am 119 13 418 24 7.38 16.12 1.76 56.62 3.25
8/am 246 20 742 33 14.67 16.77 1.36 50.58 2.25
9/am 107 13 474 26 8.62 12.42 1.51 55.01 3.02
13/am 356 23 849 35 17.53 20.31 1.31 48.44 2.00
13.2/am 509 28 1106 40 23.56 21.60 1.19 46.94 1.70
14/am 60 94 145 14 3.31 18.12 28.39 43.79 4.23
16/am 429 24 720 32 16.62 25.81 1.44 43.32 1.93
18/am 440 25 780 33 18.01 24.43 1.39 43.31 1.83
21/am 496 26 595 30 16.75 29.61 1.55 35.51 1.79
22.5/am 1008 37 1073 41 30.84 32.69 1.20 34.79 1.33
23.2/am 662 30 756 33 20.16 32.83 1.49 37.49 1.64
25/am 714 31 765 34 22.14 32.25 1.40 34.56 1.54
35.2/am 853 34 548 30 20.15 42.33 1.69 27.19 1.49
37/am 833 33 513 29 19.85 41.97 1.66 25.85 1.46
50.2/am 909 35 308 24 18.52 49.10 1.89 16.64 1.30
54/am 714 30 266 21 • 15.06 47.41 1.99 17.66 1.39
68.2/im 1088 37 267 23 21.03 51.75 1.76 12.70 1.09
94/am 1166 38 210 21 20.87 55.88 1.82 10.06 1.01
133.2/am 1342 41 161 20 22.72 59.06 1.80 7.09 0.88
183.2/am 1743 47 149 21 27.62 63.12 1.70 5.40 0.76
Table H.l: Intensities, and normalised intensities, of the stopped and shifted com­
ponents J u  and Is, respectively) seen in the backward-shifted gate, backward-shifted 
projection of the 7  ^= 2+ —> 0+ transition in ^^ ®Cd. These values correspond to gate 
(#1) in Table 4.10.
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Distance Is Afg lu A7[/
Norm.
Coeff.
Norm.
Is
Norm.
A/g
Norm.
lu
Norm.
A7[/
3/am 8 21 83 11 3.22 2.49 6.53 25.82 3.42
4/am 212 18 779 32 13.28 15.96 1.36 58.66 2.41
6/am 252 20 1078 38 19.53 12.91 1.02 55.21 1.95
7.5/am 162 15 584 28 10.90 14.87 1.38 53.60 2.57
8/am 363 23 1121 39 20.63 17.60 1.11 54.33 1.89
9/am 201 17 642 29 11.81 17.03 1.44 54.38 2.46
13/am 523 27 1216 40 24.85 21.04 1.09 48.93 1.61
13.2/am 864 35 1583 46 33.95 25.45 1.03 46.63 1.36
14/am 121 12 234 17 4.51 26.82 2.66 51.86 3.77
16/am 667 30 1009 37 23.14 28.82 1.30 43.60 1.60
18/am 682 31 1071 38 25.09 27.18 1.24 42.68 1.51
21/am 702 31 876 35 23.47 29.92 1.32 37.33 1.49
22.5/am 1511 45 1483 46 43.33 34.88 1.04 34.23 1.06
23.2/am 1037 37 961 37 28.59 36.28 1.29 33.62 1.29
25/am 1004 37 1037 38 30.98 32.40 1.19 33.47 1.23
35.2/am 1235 40 710 33 29.17 42.34 1.37 24.34 1.13
37/am 1220 40 687 33 28.22 43.23 1.42 24.34 1.17
50.2/am 1289 41 477 29 26.90 47.91 1.52 17.73 1.08
54/am 980 35 298 23 21.34 45.93 1.64 13.97 1.08
68.2/am 1589 44 397 27 29.80 53.33 1.48 13.23 0.91
94/am 1628 45 280 24 29.71 54.80 1.51 9.43 0.81
133.2/am 1971 49 178 21 32.34 60.95 1.51 5.50 0.64
183.2/am 2441 55 210 24 39.93 61.13 1.38 5.26 0.60
Table H .2; Intensities, and normalised intensities, of the stopped and shifted com­
ponents J u  and Is, respectively) seen in the backward-shifted gate, backward-shifted 
projection of the /^ = 2+ —> 0+ transition in These values correspond to gate
(#2) in Table 4.10.
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Distance Is A7g lu A Iu
Norm.
Coeff.
Norm.
Is
Norm.
A/g
Norm.
lu
Norm.
A7[;
3/am 0 20 50 50 3.49 0.00 5.73 14.32 14.32
4/am 238 19 789 33 13.89 17.14 1.37 56.81 2.38
6/am 337 23 1145 40 21.07 16.00 1.09 54.35 1.90
7.5/am 213 17 555 27 11.19 19.04 1.52 49.62 2.41
8/am 367 25 1164 40 21.97 16.71 1.14 53.00 1.82
9/am 258 19 665 30 12.59 20.50 1.51 52.84 2.38
13/am 670 31 1237 41 25.78 25.99 1.20 47.99 1.59
13.2/am 979 37 1532 47 35.35 27.69 1.05 43.33 1.33
14/am 113 12 208 16 4.56 24.78 2.63 45.60 3.51
16/am 681 31 914 37 24.34 27.98 1.27 37.56 1.52
18/am 780 32 951 38 25.88 30.14 1.24 36.75 1.43
21/am 754 32 847 35 23.94 31.49 1.34 35.37 1.46
22.5/im 1543 45 1437 46 43.94 35.11 1.02 32.70 1.05
23.2/am 1053 37 958 38 29.41 35.80 1.26 32.57 1.29
25/am 1123 39 996 39 31.61 35.52 1.23 31.51 1.23
35.2/am 1332 42 698 33 30.10 44.26 1.40 23.19 1.10
37/am 1283 41 723 33 28.18 45.52 1.45 25.65 1.17
50.2/am 1052 37 309 24 21.58 48.75 1.71 14.32 1.11
54/am 1355 42 445 28 27.60 49.10 1.52 16.12 1.01
68.2/am 1593 45 349 26 29.98 53.13 1.50 11.64 0.87
94/am 1601 45 215 23 29.78 53.75 1.51 7.22 0.77
133.2/am 2017 49 275 24 33.14 60.86 1.48 8.30 0.72
183.2/am 2382 54 238 25 40.32 59.07 1.34 5.90 0.62
Table H.3: Intensities, and normalised intensities, of the stopped and shifted com­
ponents J u  and Is, respectively) seen in the backward-shifted gate, backward-shifted 
projection of the = 2+ —^ 0+ transition in °^®Cd. These values correspond to gate 
(#3) in Table 4.10.
A ppendix I 
Table of Clebsch-G ordan  
Coefficients
Table LI shows a selection of Clebsch-Gordan coefficients for selected E2  tran­
sitions. For stretched E2  transitions between states with integer spin, the Clebsch- 
Gordan coefficient takes the form {JiK20\JfK) ,  with K  =  0. For stretched E2  tran­
sitions between states with half-integer spin, the Clebsch-Gordan coefficient takes the 
form {JiK20\JfK) ,  with K  = ~. The Clebsch-Gordan coefficients were calculated 
using Dr P. D. Stevenson’s Clebsch-o-Matic [181,182]
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# - 173
Ji —> Jf Ji (JiAr20|jyj<r)
2 - > 0 0.4472 7 - 4 5 0.5684
4 - ^ 2 0.5346 9 - 4 7 0.5782
6 ^ 4 0.5610 11 —> 9 0.5845
8 - > 6 0.5739
10-4 8 0.5817
12-4 10 0.5868
14 -4 12 0.5905
16-4 14 0.5932
18 -4 16 0.5953
20-4 18 0.5971 15 , 11T ^  T 0.568422-^20 0.5984 19 15 2 2 0.578224-4  22 0.5996 0.5845
26 —^ 24 0.6005 2 2 0.5888
Table I .l: Clebsch-Gordan coefficients for a selection of stretched E2 transitions.
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